, Passenger, ana 


as V. Buckwalter 


RANSACTIONS © 


of The American Society of Mechanical Engineers 


Published on the tenth of each month 


Publication Office, 20th and Northampton Streets, Easton, Pa. 
Editorial Department at the Headquarters of the Society, 29 West Thirty-Ninth Street, New York, N. Y. 


Includes Applied Mechanics and Aeronautical Engineering 


Members of Council, 1933-1934 © 


PRESIDENT 
Paut Dory 
VICE-PRESIDENTS PAST-PRESIDENTS VICE-PRESIDENTS 
Terms expire December, 1934 Terms expire December Terms expire December, 1935 
Harotp V. Cozs Wirtiam L. Aspotr 1934 Wirtram L. Batt 
James D, CUNNINGHAM CHarues M. Scowas 1935 H. L. Dootrrtte 
C. F. Hirsarerp Roy V. Wricur 1936 Exy C. Hurcsinson 
Conrap N. Laver 1937 Exxriort H. Wurrrock 
A. A. Porrer 1938 
MANAGERS 
Terms expire December, 1934 Terms expire December, 1935 Terms expire December, 1936 
ALEXANDER J. Dickrn R. L. Sackert James A. Hatz 
Eucenz W. O'Brien Anex D. Baitzy Ernest L. One 
Harry R. Wesrcorr Joun A. Hunter Jamzs M. Topp 
TREASURER SECRETARY 
Eritx OserG Carvin W. Rice 


Exzcutive Szcretary, C. E. Davizs 


Chairmen of Standing Committees of Council 


AWARDS, F. L. Eipmann POWER TEST CODES, F. R. Low 
CONSTITUTION AND BY-LAWS, R. S: Nzar PROFESSIONAL CONDUCT, H. S. Puitsrick 
EDUCATION AND TRAINING FOR THE INDUS- PROFESSIONAL DIVISIONS, C. B. Peck 

TRIES (ro BE APPOINTED) , PUBLICATIONS, L. C. Morrow Ei 
FINANCE, Joun H. Lawrence RELATIONS WITH COLLEGES, E. F. Caurcu, Jr. 
LIBRARY, W. M. Keenan RESEARCH, Arex D. Baizey 
LOCAL SECTIONS, Jitus W. Hanry SAFETY, T. A. Watsu, Jr. 


MEETINGS AND PROGRAM, C. P. Buss STANDARDIZATION, E. BucxincHaM 
MEMBERSHIP, O. E. Gotpscamipt ; 


Committee on Publications 


L. C. Morrow, Chairman Advisory Members 
i Voor E. H. One, Sr. Louis, Mo. 
S. W. Dopey 

a E. B. Norris, Buacxsspurc, Va. 
WRF. Ryan AED San F C 
Niet Roars . J. Dickie, San Francisco, Carir. 


Eprror: Grorce A. Stetson 


a ne ePIC Sad ed ns oe OL ISS Ee a a ee ee ememinmanmnne 
By-Law: The Society shall not be responsible for statements or opinions advanced in papers or . . . printed in its publications (B2, Par. 3). 


Entered as second-class matter March 2, 1928, at the Post Office at Easton, Pa., under the Act of August 24,1912. Price $1.50 a COPY» $12.00 


ayear; to members and affiliates, $1.00 a copy, $7.50 a year. Changes of address must be received two weeks before they are to be effective on 


our mailing list. Please send old, as well as new, address. 


Copyrighted, 1934, by Taz American Society or Mrcantcat ENGINEERS 


is 


% 


AER-56-1 


| Effect of Fillets on Wing-Fuselage Interference 


By A. L. KLEIN,! PASADENA, CALIF. 


Mutual interference of wing and fuselage has been the 
subject of many previous investigations, but these have 
been ona very small scale. A comprehensive investigation 
into the case of a low-wing monoplane was thought to 
have important possibilities, especially as this type of air- 
plane was known to have some aerodynamical peculiari- 
ties. Ina preceding investigation it had been found that 
the addition of large fillets to the intersection of wing and 
fuselage would cause a great improvement and it was de- 
cided to extend these tests and to include the case of a 
high-wing monoplane for comparison. 


UMEROUS investigations have 

| \ been made on the mutual inter- 

ference of wings and fuselages, but 

much of the preceding work has been done 

on a very small scale (ref. 1).? It was 

thought that a comprehensive investiga- 

tion into the case of the low-wing mono- 

plane might be of importance, especially 

: | as this type of airplane was known to 

2 ©} * have some aerodynamical peculiarities. 

. on ‘ In a preceding investigation it had been 

found that the addition of large fillets to 

the wing-fuselage intersection would cause a great improve- 

ment; it was therefore decided to extend these tests and to in- 
clude the case of the high-wing monoplane for comparison. 

The model used for the investigation was a 1/.-scale model of 
the Northrop “Alpha,” a Wasp-engined transport plane of 
approximately 5000 Ib gross weight. The model had a span of 
7 ft and a length of 52in. The airfoil section was 18 per cent 
Clark-Y at the root and 12 per cent at the tip. The wing area 
of the model was 8.33 sq ft, and the root chord of the wing was 
16.67 in. The wing was mounted with reference to the fuselage 
as shown in Fig. 5. The model as used consisted of a wing and 
fuselage only. This model was presented to the laboratory by 
the Northrop Aircraft Corporation, a unit of United Aircraft and 
Transport Company. 


EXPERIMENTAL Mrruops 


The investigation was carried on by two distinct methods. 
The set-up for force measurements was identical with that de- 
scribed in ref. 2, while in addition three combs of pitot tubes were 
mounted behind the model for exploration of the wake behind 
the wing. These combs can be seen in Fig. 1, and also some of the 
pitot tubes can be seen in Figs. 6 and 7. The total pressure 
orifices were made of !/s-in. brass tubing mounted on a steel tube. 
For static-pressure measurements, jackets containing side orifices 
were slipped over the total-pressure tubes. These tubes were 


1 Assistant Professor of Aeronautics, California Institute of Tech- 
nology. Mr. Klein received his B.S. from California Institute of 
Technology in 1921, M.S. in 1924, and Ph.D. in 1925. He was 
Teaching Fellow in Physics, California Institute of Technology, 
1921-1925; Research Fellow in Physics and in Aeronautics, 1927— 
1929; and has been Assistant Professor since 1929. 

2 See list of references at end of paper. 

Contributed by the Aeronautic Division and presented at the 
Pacific Coast Aeronautics Meeting, Berkeley, Calif., June 9 and 10, 
1932, of Tum American Socimty or MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


connected to the multiple manometer, and observations were 
made of the wake distribution behind the set-up for various angles 
of attack. Records of the wake observations were made by 
taking shadowgraphs of the manometer on ozalid paper. These 
records were then reduced by plotting curves showing the loss of 
total head as percentage of the total head in the free stream. 
Figs. 2, 3, and 10 show curves of this type, and also show the 
relative position of the model and the combs. The position of 
the stabilizer and elevator for each angle of attack is indicated on 
the curves. The fillets used in the investigation were built up 
from physicists’ soft wax, a compound of beeswax, Venice turpen- 
tine, and rosin, and modeled to templets. It was found that an 
almost glasslike surface could be given this wax by rubbing it 
with sandpaper dipped in kerosene. 


Waker OBSERVATIONS 


Fig. 2 shows the wake losses behind the wing tested alone. 
Noting first the wake losses in row 1, it is seen that as the angle of 
attack increases, the center of the wake moves downward, as one 
would expect. When the wing reaches an angle of attack of 15 
deg, the center of the wake has reached its lowest point, near 
which it remains until the angle increases to 16.5 deg, after which 
the wake moves noticeably upward. If one now looks at the 
force-measurement curves for the wing alone (Fig. 8), one sees 
that the angle for maximum lift is 16.5 deg. In row 2 the be- 
havior is similar to row 1; the downwash causes the wake to go 
downward until the angle of maximum lift is reached, after which 
the wake moves upward. In the case of row 3 an anomaly 
occurs; the downwash does not reach the maximum value at 
16.5 deg, but continues to increase, and apparently stalling 
does not occur at this section of the wing until an angle of attack 
of approximately 20.5 deg is reached. The wake curves for small 
angles in rows 2 and 3 are omitted because the wake was smaller 
than the distance between the pitot tubes, so that no deductions 
could be drawn as to its magnitude and shape. 

Below on the same figure is a similar set of observations for the 
model assembled as a low-wing monoplane with no fillet at the 
intersection between the wing and the fuselage. The maximum 
diameter of the fuselage was 9.5in. Pitot comb 1 was mounted 
approximately halfway betweem comb 2 and the wing tip. The 
positions of the stabilizer and elevator are drawn in on the suc- 
cessive curves. It will be noticed that the wake curves for row 1 
differ completely from those for the wing alone, while the wake 
curves in rows 2 and 8 are hardly distinguishable from those for 
the wing alone. The wake curves in row 1 are not only larger in 
area than those for the wing alone, but also the position of their 
center line indicates a much smaller downwash. It will be 
noticed that the center line of the wake never goes below the 
chord line, while for the case of the wing alone the center of the 
wake moves down below the chord line at small angles and 
remains there. These two conditions represent the limiting 
cases of the present investigation, the wing alone giving the 
condition for zero interference and the wing and fuselage with no 
fillet the case of maximum interference. 

Now consider the case of a fillet that partly remedies the inter- 
ference effect. Fig. 3 shows the wake distribution for what will 
be called the “wrong fillet.” Fig. 4 is a photograph of this fillet, 
and its lines are shown in Fig. 5. In the case of the “wrong fillet,” 
the wake curves in row 1 are similar to those for the wing alone up 
to an angle of 6 deg, but at and above an angle of 9 deg the wakes 
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in this row are similar to those for the wing and fuselage with no 
fillet. The fact that this behavior is not observed at rows 2 and 3 
indicates once more that the effect is largely localized in the 
region of the intersection of wing and fuselage. The force- 
measurement curves (Fig. 8) discussed later show that at the 
angle of 7 deg something happens to the flow. The change in the 
flow pattern from the wing-alone type to the no-fillet type is 
completely discontinuous. An observer watching the multiple 
manometer when the model is set at this critical angle sees either 
one pattern or the other, and the change from one to the other is 
sudden and complete. At this angle the manometer is in a very 
unsteady condition. The smaller flow pattern for the downwash 
and the larger for the trailing vortex replace each other rapidly on 
the tubes. There are no intermediate stable states; either the 
manometer is showing one pattern or the other, or it is changing 
rapidly. The method of watching the multiple manometer for 
the change in pattern was found to be extremely sensitive, as 
improvements could be made and the critical angle checked 
visually with an accuracy of 1/, deg. This made an exceedingly 
rapid method of observing the effect of modifications, as no 
computations were necessary, and all that was needed was to 
start the tunnel and to run the model through a range of angles of 
attack. The critical angles obtained in this Se carpe checked (Note that the model is inverted and the pitot tubes can be seen in the 
very accurately with the breaks in the polar, lift, and moment background.) 
curves. Fig. 3 shows the wake curves for a fillet of the optimum 
type. The critical angle in this case was 15.7 deg. The lines of 
this fillet are shown in Fig. 5, and it is illustrated in Fig. 7. The force measurements were made with the normal three- 
component set-up. The tests 
were run at a water head of 
20%" 39.24 cm, and as the root chord 
of the model was 42.35 cm, the 
Reynolds number for the tests 
was approximately 2,100,000. 
The accuracy of the tests can 
be judged from the points 
shown on the enlarged section 
of the polar (Fig. 14). It is 
not believed that variations in 
the maximum-lift coefficient of 
the order of 2 or 3 per cent are 
of any significance, as it was 
found that almost impercepti- 
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duced-drag polar to this curve 
in the region from a lift coeffi- 
cient of 1.0 to 1.2, one needs 
an aspect ratio of approximately 2.5, or somewhat less than one- 
half the aspect ratio of the complete wing. This leads one to sus- 
pect that the wing is acting as two monoplanes separated by the 
fuselage and that there is a trailing vortex on each side of the 
fuselage. The wake diagrams lead one to the same conclusion, 
as from them one sees that the downwash is practically the 
same at rows 2 and 3 as for the wing alone, while in row 1 the 
downwash has practically disappeared for all positive angles. It 
will then be assumed as a working hypothesis that the foregoing is 
correct and that the interference corresponds to the breaking up 
of the horseshoe lifting vortex into two side-by-side horseshoe 
vortices. 

This aerodynamic picture enables one to account for the pe- 
culiar shapes of the various curves, and also shows why the 
minimum drag is not subject to much improvement. 

Three fillets were then tested to determine the best type. 
These fillets all had a radius of 15 per cent of the root chord. 
Fillet 1 was a uniform fillet of this radius throughout. Fillet 2 
(wrong) had a 15 per cent radius at the nose and tapered aft; 
its lines are shown in Fig. 5. Fillet 3 had a small nose and a 
radius of 15 per cent at the trailing edge, and was of the same type 
as the optimum fillet shown in Fig. 5. A photograph of fillet 3 
is shown in Fig’ 6. All three of these fillets were a marked 
improvement over the unfilleted condition, fillet 3 having the 
greatest maximum lift and the greatest slope of its lift curve. 
As all of these fillets were a great improvement over no fillet, 
an elaborate program was undertaken to develop fillets of various 
types. It soon appeared that fillets 1 and 2 could not be much 
improved, while fillet 3 could be developed with considerable 
success. Numerous variations of this type were constructed, 
and the following rules were deduced from the tests: 
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Fic. 10 Waker Diagram For Optimum Fintuet D 


Fig. 11 Oprimum Fintet D (Wine LowERED) 


Fia. 12 Optimum Fintunt D (Wine LowERED) 


1 Increasing the trailing-edge radius improves the maxi- 
mum lift and prevents induced-drag losses at medium- 
lift coefficients; excessive trailing-edge radii increase 
the drag 

2 Increasing the radius at the nose increases the drag and 
decreases the maximum lift 

3 The fillet should taper as uniformly as possible from the 
nose to the trailing edge, and its maximum size should 
be as close to the trailing edge as possible 

4 The fillet should be washed out smoothly to the fuselage. 


Maximum lift has 


Fillet 4 is an optimum design of this type. 
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fuselage intersection can be eliminated; it will be noticed on the 
polar that the profile drag is practically independent of the lift 
coefficient. It was found that, as in the case of the normal low- 
wing configuration, the radius at the nose should be a minimum. 


Hicu-Wi1nG CoNFIGURATION 


The model was next arranged as a high-wing airplane, the wing 
being mounted so that it had the same angle of incidence as in the 
case of the low wing and so that its trailing edge was just touching 
the fuselage. The curves for the high wing with no fillet and high 
wing with fillets are shown in Fig. 13. The fillet had quite a large 
trailing-edge radius (20 per cent) 


and was of the tapered type. 


The lift obtained with this fillet 


was the highest found, but was 
associated with a slight increase 
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for all of the other variations, 
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tioned. The most remarkable 
point in this group is the be- 
havior of the polar of the no- 
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Fie. 13 Curves For Various CONFIGURATIONS 


been sacrificed for low drag, and it will be noticed that there is 
only a trace of the former ill effects of the fuselage. The wake 
diagrams for this fillet are shown in Fig. 3, and it will be noticed 
that the break in the downwash does not occur until over 15 deg, 
while in fillet 3 the break occurred at 10 deg. It will be noticed 
also that with fillet 4 the slope of the lift curve is steeper than the 
corresponding curves for the wing alone. This effect can be 
easily explained, as in this case the fuselage contributes some lift, 
and the coefficients are calculated neglecting this effect. 


Low-Wine ConFicurATIoN, Wine LowbRED 


It was suggested by an aircraft constructor that an investiga- 
tion of the case of a low-wing monoplane in which the wing 
passes entirely below the cabin floor would be of great interest. 
Accordingly, a block 2 in. thick was made and placed between the 
wing and the fuselage. This corresponded to lowering the wing 
1 ft at full scale. It was impossible to take any observations of 
the unfilleted condition for this arrangement. The first fillet 
put on in this configuration had a 20 per cent chord trailing-edge 
radius and had the nose of the wing faired forward and up to the 
fuselage. The results are plotted as fillet a in Fig. 9. Fillet b 
in the same figure corresponds to a similar fillet with the leading 
edge cut back. The fillet was then enlarged to 27.5 per cent 
trailing-edge radius and the nose was undercut still more. The 
lines of this fillet D are given in Fig. 5. Fillet D was found to be 
the optimum for this configuration. Fillet e was an endeavor to 
secure still greater improvement. The fillet was hollowed out by 
decreasing the radii in front of the trailing edge of the wing. 
This hoped-for improvement was not realized, but the curve is 
included in the figure. The curves for case D and for the wing 
alone illustrate how perfectly the pernicious effect of the wing- 
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Sprep REGION SHOWING THE EXPERIMENTAL SCATTER 


at small positive angles. This illustrates the extreme sensitivity 
of the suction side of the wing. 


GENERAL DISCUSSION 


It has been seen from the foregoing that the aerodynamic dis- 
-advantages of the low-wing monoplane can be almost completely 
eliminated by proper design of the wing-fuselage intersection. 
The maximum-lift coefficient of the wing alone can be attained 
with either a high-wing or a low-wing configuration. The differ- 
ences in drag between the high wing and the normal low wing are 
inappreciable. 

In the case of the dropped low wing there is found to be some 
drag increase, but it is thought that this difference could be 
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reduced by further investigation. The size of the optimum fillet 
in the case of a low-wing design can be decreased by the following 
means: 


1 Making the fuselage small 

2 Keeping the distance of the trailing edge of the wing 
below the bottom of the fuselage small 

3 Using an airfoil of small top camber. 


The minimum drag of the fuselage-wing combination can be 
best decreased by making the fillet at the leading edge of the wing 
as small as possible. 

Buffeting. For the purposes of discussion, buffeting will be 
defined as follows: Buffeting is a violent shaking of the airplane 
and tail surfaces by aerodynamic forces at angles below the stall. 
Buffeting in this sense has been observed in the case of almost all 
low-wing monoplanes. If one considers the wake measurements 
and notices the critical angles, there is no difficulty in seeking 
what occurs. 

The buffeting seems to be due to these three causes: first, 
the lift over the center section of the wing disappears, causing a 
decrease in the total lift available; second, the wake jumps from 
one side of the stabilizer to the other; and third, the stabilizer is 
then in the trailing vortex formed at the side of the fuselage. 
The position of the stabilizer is indicated on each of the wake 
drawings. 

Mr. H. J. Steiger (ref. 4) has suggested that buffeting could be 
eliminated by cutting away the wing root and reducing the angle 
of attack at thefuselage. It is dubious if any such attempt would 
be satisfactory, as it would inevitably result in trailing vortices 
forming near the fuselage, and these vortices might cause a 
dangerous or uncomfortable tail vibration, in addition to their 
pernicious effect on the induced drag. It is easily seen that for a 
properly designed junction between the wing and the fuselage the 
lift must carry entirely across the span, since if there were no lift 
over that portion of the wing covered by the fuselage, the polar 
curve for the wing and fuselage would of necessity differ more 
from that of the wing alone than it actually does. 
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at Negative Angles of Attack,’’ N.A.C.A. Technical Note 412. 

4 H. J. Steiger, address before the Royal Aeronautical Society, 
April 7, 1932. 
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Discussion 


E. Owrr.* The author’s results entirely confirm the ideas 
formed from some similar, although not so comprehensive, work 
for which the writer was responsible some time ago. An account 
of this work was given in a lecture read to the Royal Aeronautical 
Society in January, 1932,‘ and the writer thinks that the explana- 
tion he then put forward of the type of interference for which 
fillets are found to be beneficial is worth repeating. He suggested 
that this interference occurs when the air stream has to expand 
at more than a certain rate if it is to remain in contact with the 
body and wing surfaces. A certain rate of expansion can be 
tolerated, but if the surfaces diverge from one another too rapidly, 
the flow detaches itself from them and a region of turbulence is 
set up which leads to a loss of lift and an increase of drag. A 
well-known analogous case is that of the outlet cone of a venturi 
tube—if the angle of this cone is too great, it does not “‘run full;” 
that is, the flow breaks away from the walls, with the resulting 
loss of efficiency of reconversion of the kinetic energy into static 
pressure. 

This hypothesis was confirmed by the various tests made to 
investigate its truth, and it explains the author’s results with 
fillets. For in his case the geometry was such, as indeed it is in 
most practical body-wing combinations, that the rate of expan- 
sion increased progressively from the maximum camber of the 
wing toward the trailing edge. Hence, as the author found, the 
best fillet increases in radius toward the rear of the wing. The 
writer’s experiments were made with fillets of constant radius, 
but he did in fact predict that fillets of increasing radius toward 
the trailing edge would be preferable. The same line of reasoning 
indicates why fillets on the under surface of a high-wing combina- 
tion are found to have very little effect; the divergence between 
the surfaces of the body and the wing is much less in such a 
combination than it is in low-wing positions. Moreover, in the 
high-wing position the pressure gradient along the lower wing 
surface is such as slightly to assist the flow to adhere to the 
surfaces, whereas in the low-wing position the pressure gradient 
on the upper surface tends powerfully in the opposite direction. 

The author mentions the importance of preserving as far as 
possible the normal lift distribution along the span of the wing. 
This again agrees with views that the writer has expressed. 
This principle, together with that of avoiding regions of divergent 
flow, will be found to be of the utmost importance to the designer 
in his efforts to build high-performance aircraft. The designer 
is always more interested in direct proof than in speculation, and 
the author has provided such proof, whereas the writer, mainly 
through lack of time, was content to put forward ideas which 
needed corroboration by facts before they could be accepted with 
complete confidence. 


Ricuarp M. Mock. This is believed to be the most interest- 
ing piece of aerodynamic research in America published during 
1932, outside of that of the N.A.C.A. It is unfortunate that 
the tests were not made with a running model propeller, as it is 
possible and likely that the slipstream affects the flow around the 
fuselage and especially over the wing-fuselage intersection. There- 
fore it is believed that the comparative drag figures are some- 
what questionable. During take-off and climb with high angles 
of attack, the same would be true as affecting the lift coefficients, 


3 Aerodynamics Department, National Physical Laboratory’ 
Teddington, Middlesex, England. 

4 See Jour. Royal Aero. Soc., 1932, vol. 36, p. 5381. Also, Reports 
and Memoranda no. 1480 of the Aeronautical Research Committee, 
E. Ower, ‘‘Some Aspects of the Mutual Interference Between Parts 
of Aircraft.” 

5 Aeronautical Engineer, A. H. G. Fokker, New York, N. Y. 
Jun. A.S.M.E. 
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while for landing the propeller effect is negligible. The compara- 
tive maximum lift coefficients, without propeller, are very valu- 
able, as this is applicable to the landing condition. 

The writer differs from the author regarding his comparison 
with the high-wing monoplane. The high-wing monoplane which 
he used as a comparison showed almost 6 per cent more maximum 
lift and about 3 to 4 per cent less drag than the best low-wing 
arrangement. However, the writer is under the impression that 
a high-wing design, rather than have the wing resting on top of 
the fuselage with its trailing edge just touching the fuselage, will 
have less drag if the wing is sunk into the fuselage, so that the 
top of the fuselage meets the top of the wing about one-third or 
one-half chord back from the wing leading edge and the com- 
bination is carefully filleted. The top of the fuselage might be 
lowered in front of the wing to allow a clean leading edge, and the 
portion of the fuselage above the rear portion of the wing might 
have fillets of very large radius. This should reduce the frontal 
area and the drag still below that of the combination used, and 
if the leading edge is carefully faired, should not affect the lift 
other than increase it by directing the flow from the fuselage 
over the upper surface. 

Regarding the best position for the low wing, it would be 
interesting to raise the wing, as on the Gee Bee racer, rather 
than lower it as was done. As the fuselage decreases in width 
near the bottom and the wing is cambered on top, a pocket 
or cavity is formed between upper surface of the wing, just in 
front of the trailing edge, and the lower surface of the fuselage. 
The air passing over the wing and over the fuselage must fill this 
pocket, causing eddies and consequently drag. Therefore it is 
logical that by fairing over this cavity, as the author has done, 
the drag of the combination will be reduced. This could also be 
done by raising the wing slightly to where the fuselage is wider 
and then using a fillet, and also perhaps by changing the fuselage 
cross-section slightly so that an excessive fillet will not be neces- 
sary. Another means would be to have the wing, in front view, 
curve upward at the root, meeting the fuselage side at a right angle. 

Of course, if the landing gear is attached to the wing, the wheel 
supports will be longer if the wing is raised. The increased 
length means slightly greater weight, and if the undercarriage is 
not retractable, the frontal area and consequently the drag will 
be increased. Lowering the wing from the optimum (filleted) 
low-wing position to the optimum (also filleted) dropped-wing 
position (Fig. 14) means an increase in drag of approximately 
17 per cent. With a fixed external landing gear, the two shorter 
wheel supports with the dropped-wing position might partially 
offset the increased wing-fuselage drag. With a fully retractable 
landing gear, the landing-gear resistance could be neglected, and 
only the best wing-fuselage arrangement considered, with the tail 
location and fillet varied to eliminate buffeting. 

The effect of lift-increasing trailing-edge flaps on buffeting 
would be interesting. 

The writer would appreciate having the author’s opinion of the 
meaning of the double curve near the maximum-lift coefficient of 
the dropped-wing combination with optimum fillet D. He also 
would appreciate an opinion of the double wake behind the 
fuselage at —5 deg, zero, and +5 deg for the same wing-fuselage 
combination. Another pilot combination between 1 and 2 and 
still within the stabilizer span would have been interesting. 
The writer would like to know the drag coefficient of the fuselage 
at the various angles of attack so that it can be added to the drag 
of the wing alone and compared with the drag of the combination. 


G. J. Kun.’ The early investigations into body-wing inter- 
ference were, it is true, conducted at rather low values of Reyn- 


6 Junior Research Physicist, National Research Council, Ottawa, 
Ont., Canada. Jun. A.S.M.E. 


olds’ number. However, they disclosed very interesting results, 
particularly in the case of the low-wing monoplane, and certainly 
showed the need for further research at higher Reynolds’ number. 
In this connection, the present paper, together with an extensive 
series of experiments at the N.P.L. (R. & M. 1480 and R. & M. 
1300), form a valuable extension and show that the general 
conclusions reached in the earlier work still hold at much higher 
values of Reynolds’ numbers. When we consider all these 
researches together, we get a fairly accurate picture of the sub- 
ject. 

It is now definitely established that detrimental interference is 
due to burbling caused by an attempt to expand the airstream 
too rapidly in the angle between the side of the body and the 
surface of the wing. It is true that the presence of the body does 
change the lift grading of the wing and thus increases the induced 
drag, but unless this burbling occurs, this effect is very small. 
Actually the wings so modify the flow about the body that the 
body contributes appreciably to the total lift of the combination, 
and the resulting lift grading is not very different from the lift 
grading of the wing alone. 5 

For the foregoing reasons it is sufficient to confine this dis- 
cussion to the case where burbling occurs and to consider the 
factors involved. Obviously, the worst case would be a low-wing 
monoplane without fillets, having a highly cambered wing root 
and a body of small fineness ratio and of such a cross-sectional 
shape that the angle between the side of the body and the upper 
surface of the wing is small compared with 90 deg. This com- 
bination forms a pocket between the body and the wing near the 
trailing edge of the latter, into which the airstream cannot expand, 
even at the zero lift angle of attack of the combination. In- 
creasing the angle of attack increases the difficulties in expanding 
the airstream, thus causing increased burbling. There are 
several methods of suppressing this burbling: 

(1) The wing can be raised to a higher position on the body to 
eliminate the pocket effect. 

(2) The body can be given flat sides, making an angle of 90 deg 
with the wing surface, as was done in the Schneider Trophy 
Racer S5. 

(3) A fillet of increasing radius toward the trailing edge can be 
employed, as was done in the present paper. 

In short, anything that eliminates this pocket effect over the 
useful range of angle of attack will result in a combination of 
body and wing that will be free of any undesirable interference 
effects. 

An interesting result brought out by the paper is that the “‘dou- 
ble stalls’? found in the earlier work at low values of Reynolds’ 
number are still present at much higher values. Undoubtedly 
the recovery from the first stall is due to a decrease in the extent 
of the burbling caused by the downwash from the nose of the 
body. 

Probably the most important point brought out by the paper 
is that a properly designed low-wing monoplane can be just as 
efficient as a high-wing monoplane. 


AvurTHor’s CLOSURE 


Replying to Mr. Ower, the low-wing fillet described was first 
developed in our wind tunnel in May, 1931, and test-flown in 
June of the same year. The second Northrop Beta and all suc- 
ceeding Northrop ships have carried this device. The author 
agrees entirely with Mr. Ower’s statements as to the necessity of 
eliminating most of the expansion of the wing fuselage intersec- 
tion, as was first pointed out by Muttray (loc. cit.). 

Replying to Mr. Mock, as he says, it is unfortunate that the 
tests were not made with a running propeller. The laboratory 
has under development a fuselage, in which is included an elec- 
tric motor with complete dynamometer, for repeating the pre- 
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ceding investigation with a slipstream. The model when finished 
will have the proper scale horsepower and the proper ratio of 
propeller diameter to span. However, the author does not believe 
that the drag differences will be large in the case with slipstream 
and without, as the laboratory has been rather successful in pre- 
dicting the performance and especially the high speed of the air- 
planes which it has tested. In a paper by Drs. Th. von Kaérmén 
and Clark B. Millikan’ there are described the methods used by 
this laboratory in estimating the performance of the actual air- 
plane. Due to the successful checks which have been secured, 
it is not very probable that the discrepancies in drag between 
power off and power on will be large. 

Since the investigation of the fillet was undertaken as an engi- 
neering study rather than as a scientific investigation into the con- 
figuration for minimum drag of the wing and fuselage alone, we 
did not consider several of the cases mentioned by Mr. Mock, as 
the lowering of the wing in the case of a high-wing monoplane or 
the raising of it in the case of a low-wing monoplane would re- 
quire a larger fuselage in order to maintain the headroom in the 
cabin. 

The reduction in frontal area in the cases mentioned by Mr. 
Mock would be more apparent than real, as it would necessi- 
tate, if his suggestions were carried out, the enlarging of the fu- 
selage in order to accommodate the passengers or other loads. The 
raising of the wing any great distance was impossible in this par- 
ticular case as it would bring the floor level too high. The con- 
solidation of a stressed-skin wing into beams in order to enable the 
passengers to place their feet below the top surface of the wing is 
exceedingly extravagant of weight, and it also causes the cabin 
to be encumbered with structural members which interfere with 
the free circulation of passengers or the stowing of freight. 

The author does not believe that the position of the wing with 
reference to the fuselage is a vital matter, as what is gained in 
one place is lost in another. In the multimotor transport field 
there is a very interesting case. There are two modern low-wing 
bimotor transports of the same power loading and span loading, 
one with the wing passing completely below the cabin floor and 
the other with the wing beams passing through the cabin. The 
airplane with the wing completely below the cabin floor is much 
faster, in the neighborhood of 25 mph, than its competitor. The 
difficulties of designing a retractable landing gear increase with 
at least the square of the length of the members as does also its 
weight. The raising of a wing 6 in. or 8 in. farther above the 
ground will often make a satisfactory retractable landing gear 
almost impossible. The addition of lower surface flaps has 
been found in this laboratory to have no effect on the buffeting 
of a well-filleted airplane. The author believes that the double 
peak of the curve for the optimum fillet D is probably due either 
to asymmetries of the model or to asymmetries of the air stream. 
The model was known to have developed some aerodynamic twist. 
This twist raised the angle of attack of one side of the model above 
that of the other, and consequently one side stalled in advance of 
the other. This effect has also been found in the laboratory a 
number of times in rolling-moment tests. The author believes 
that the two peaks in the wake diagrams shown in Fig. 10, at 
—b5 deg. and +5 deg, can be explained as follows: The upper 
one is probably the wake of the fuselage and the lower one that 
of the wing. When the downwash becomes large, the fuselage 
wake becomes merged into that of the wing. The drag coefficient 
of the fuselage has never been measured separately, so that Mr. 
Mock’s question on this point cannot be answered. 

Replying to Mr. G. J. Klein, he is completely correct in his 
statement as to the three methods of eliminating the burbling in 


7 Th. von K4rman and Clark B. Millikan, ‘“‘The Use of the Wind 
Tunnel in Connection With Aircraft Design Problems,”’ Aeronautical 
Engineering, 1933. 
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the wing-fuselage intersection. However, in the case of a straight- 
sided fuselage, the burble is not completely absent. The author 
would like to cite Fig. 15 as evidence in this case. The results 
in this figure were obtained with the Douglas transport fuselage, 
which is straight-sided in the region in contact with the wing and 


for a considerable distance aft of the trailing edge. The wing 
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(Note: The separation in drag between the curves on the larger plot has 
been increased to permit satisfactory reproduction. The real separation 
is shown on the smaller plot.) 


section used in this transport is the N.A.C.A. 2215. This section 
is of only 15 per cent thickness, has a very small camber (2 per 
cent), and furthermore the point of maximum camber is only 
20 per cent aft from the leading edge. This wing has therefore 
probably the smallest top camber of any section in common 
use. 

Nevertheless, in the tests shown, the difference between fillet 
and no fillet is quite perceptible. The model was tested with tail 
surfaces but less nacelles. The separation between the two curves 
shown on the larger plot in the figure has been exaggerated in 
the region of low lift coefficient in order to enable the two curves 
to appear separately on the reproduction. The smaller plot 
shows the experimental points in their true separation. In the 
low drag region the addition of the fillet reduced the minimum 
drag for the model approximately 1.8 per cent and raised the 
maximum lift coefficient as shown from 1.27 to 1.34. For very 
high angles not shown in the plot, the curves cross each other, 
an effect the author is unable to explain, but at all usable angles 
of attack the filleted case is superior to that of the unfilleted. 

The discussion of why some of the lift curves have double 
peaks has been included in the reply to Mr. Mock. However, 
the double stalls in the other sense, i.e., of curves that come to a 
maximum and then go on to a further maximum, are apparently 
due to the local burbling of the wing in the center, while outboard 
portions of the wing do not stall as soon, but continue to work at 
larger and larger angles of attack. These restricted portions of 
the span can then go to larger lift coefficients, as it is well known 
that wings of small aspect ratio can reach larger lift coefficients 
than normal wings. It has been found in our laboratory that 
the characteristic sharp break in the lift curve can be explained as 
an effect of this kind. We always find the sharp break in un- 
tapered wings. Tapered wings usually show the rounding top 
which we think means that the center of the wing stalls before 
the outboard portions. Evidence for this can be seen in Fig. 2 
on the wake diagrams for the wing alone. In one very interesting 
case the laboratory found that this sharp drop-off of the lift 
curve was obtained with a tapered wing in which an auxiliary 
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airfoil was used only over a part of the center section. In this 
case the sharp drop in the lift curve was obtained, not only in 
the laboratory but also in flight, while the airplane without the 
auxiliary airfoil stalled in the more usual manner. We there- 
fore think that in this case the auxiliary airfoil held the flow on 
the center section to a higher lift coefficient than that which it 
would normally reach, and when it stalled, the entire wing stalled 
at once. 


Since the foregoing paper was written, two confirmations®® 
have been published of the results, and numerous airplanes have 
been designed and flown with these devices. 


8 Biechteler, Curt, ‘‘Versuche zur Beseitigung yon Leitwerk- 
schutteln,” Z.F.M., vol. 24, no. 1, Jan. 14, 1933. 

9 Hood, Manley J. and White, James A.., ‘‘Full-Scale Wind-Tunnel 
Research on Tail Buffeting and Wing-Fuselage Interference of a 
Low-Wing Monoplane,”’ Technical Note no. 460, May, 1933. 
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Field Welds in Pressure Pipe Lines of 
| Steam Systems 


By H. N. BOETCHER,! BALTIMORE, MD. 


Fusion welding has in these later years come to be an 
important method of making all types of joints in con- 
struction work. The paper is confined to welding as it 
is done in the field on pipe lines to be operated under 
high pressures and temperatures. Based on the author’s 
tests and investigations, as well as on service experience 
extending over many years and on published and un- 
published data obtained elsewhere, it is indicated that 
oxyacetylene welding fills the requirements in regard to 
soundness and adaptation to service conditions better 
than electric-arc welding, although it is not intended to 
claim any superiority of gas over electric-arc welding. 


USION welding, which for many 

years has been looked upon as a 

patch-up type of work for repairs or 
for fixing up faulty castings, has during 
these later years come to be a quite im- 
portant method of making all types of 
joints in construction work. As frequently 
happens with quickly progressing methods, 
design features and technique have re- 
ceived more attention than the funda- 
mental characteristics of welds. Even 
though many points to be brought out 
apply equally well to other types of welding work, this paper 


_ will be confined to welding as it is done in the field on pipe 


lines to be operated under high pressures and temperatures. 


STRESSES IN PrPine 


Since it is a fundamental principle of engineering that require- 
ments should be closely correlated with the service stresses to 
which the equipment is subjected, a review of such stresses as 
are present in piping is advisable. 

The inner pressure results mainly in tensile stresses. The 
temperature gradient across the thickness of the metal causes 


an additional stress, which is usually very small in a heat-insu- 


lated pipe line under normal conditions. However, investiga- 
tions, some of which have been published recently, indicate 


1 Assistant to Superintendent of Steam Stations, Consolidated Gas, 
Electric Light, and Power Company of Baltimore. H. N. Boetcher 
was born in 1898 in Altona, Germany. After war service, he attended 
the Technische Hochschule at Hannover, from which he was graduated 
in 1922, He was connected with Nordwest-deutsche Kraftwerke 
A.G., formerly Siemens Elektrische Betriebe A.G., as assistant 
mechanical engineer and assistant to the president, working in con- 
nection with the operation of several power plants and transmission 
systems and with design and construction of extensions to plants 
and of a new power station. In 1924 he came to the United States. 
He has been connected with the Consolidated Company since early 
in 1925, working in connection with the operation of steam-power and 
heating plants, development work with powdered-coal equipment and 
feed control at Gould Street Station, and with engineering ma- 
terials, especially metals. 

Presented before a meeting of the Boston Local Section, Boston, 
Mass., September 21, 1932, of Tam AmmricaNn Socrnty oF MucHanI- 
CAL ENGINEERS. 
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of the Society. 
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that this stress may be very high at starting conditions when a 
large amount of steam is suddenly admitted to a cold pipe line, 
especially with heavy pipe walls. The third factor concerns 
stresses resulting from axial expansion and contraction of the 
pipe on heating and cooling. This stress depends greatly on the 
skill of the designer and on conditions of space limitations. 

The combination of pressure and temperature gradient effects 
a slight elastic expansion of the pipe, which in turn results in a 
concentration of stresses at the inner surface. This concentra- 
tion grows rapidly with increasing wall thickness, and therefore 
necessitates the use of as thin a material as possible to avoid 
excessive stresses at the inner surface. In considering the 
stresses, it should be noted that the starting stresses caused by 
the temporarily high temperature gradient constitute repeated 
stress peaks which may lead to fatigue conditions. Similarly, 
axial expansion and contraction exert fatigue stresses. 

Inasmuch as both technical and economical considerations 
demand the use of as thin-walled piping as it is safe to use, the 
weld must be such that uncertainty in regard to its quality does 
not necessitate the use of thicker pipe metal. 

Turning to the welds, it is necessary to consider three phases: 
the properties of the welds, including the steel affected by the 
welding; the stresses introduced by the welding; and the con- 
nection between the properties of the welded joint and the 
operating stresses. 


CHARACTERISTICS OF WELDS 


Since the characteristics of a weld are largely determined by 
the welding method used, it is necessary to go somewhat into the 
metallurgy of welds. It has been pointed out often that a weld 
is nothing but a steel casting. Though this is true, there are 
certain important differences which make it possible to obtain 
the excellent properties associated with present-day welds. 
There are the methods of pouring in and puddling of the liquid 
metal, factors depending on the type of welding. Furthermore, 
only a small amount of metal is cast into a large more or less 
rigid metallic “mold” to which it firmly adheres, a fact which 
introduces hot and cold working on account of shrinkage taking 
place during cooling. This working is an important factor in 
determining the properties of the weld. 


OXYACETYLENE WELDS 


Application of heat and the introduction of the welding metal 
are separate functions in the oxyacetylene-welding process. 
Since, therefore, the steel can be preheated to a temperature at 
which the surface is molten, it is not necessary to heat the rod 
metal far above the melting point. The welder has complete 
control over temperature conditions and the amount of metal to 
be fused in at any period of the operation. This control makes 
it possible to work out slag and other impurities from the metal, 
and eventually to remelt sections appearing faulty. It further- 
more aids considerably in making welds in difficult positions, as 
overhead, and gives an experienced welder good control over 
penetration and fusion at the root of the weld. The constant 
uniform heating, with the presence of a large amount of hot 
metal at all periods of the welding, results in a gradual slow 
cooling and in a homogeneous structure of the welding metal. 
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Fig. 1 


Fig. 2 


Fig. 3 


Fies. 1 Tro 3. MicropHOTOGRAPHS OF STRUCTURE OF OXYACETYLENE Heap WeLtps X 100 


(Fig. 1, extreme outside; Fig. 2, center; Fig. 3, root.) 


Only at the starting point of the weld the structure frequently 
is different, due to reheating of the first flowed-in metal and ac- 
celerated cooling of the finishing point. 

Figs. 1 to 3 show the microstructure of head welds which 
were used to fasten a plate to the dead end of a pipe. Excepting 
the immediate outside, the structure is uniform, showing fairly 
large regular grains and indicating a very low carbon content 
as a result of the burning out of carbon during welding. 


Fic. 4 Laps In OXYACETYLENE WELDS 


(a and b, laps caused by lack of care in remelting the surface; c, an extreme 
case.) 


Fie. 5 Cross-Sections oF 6-IN. STANDARD-PIPE OXYACETYLENE 
Burr Wreip 


(a, random transverse sections; 6, transverse section, top of pipe; c, trans- 
verse section, bottom of pipe; d, longitudinal section.) 


“Laps” in gas welds, though by no means unavoidable, are 
quite frequent. Fig. 4, in a and b, shows this condition, which 
is caused by lack of care in remelting the surface of solidified 
welding metal before more metal is fused on. Even when no 
visible cracks are present at the dividing lines between layers, 
the weld is weakened, because the layers have a tendency to 
slip on each other on deformation. However, some cracks will 
usually be found on closer examination. Fig. 4c shows an 
extreme case. 

The characteristics of gas welding make it possible to obtain 
welds with good penetration throughout, which show practically 
no voids or inclusions without fine polishing and a magnifying 
glass; Fig. 5 is a good example. 

Fig. 6 shows the structure of a butt weld of 6-in. standard 
pipe. This is the structure of the butt weld shown by Fig. 5. 

The examination of a weld would be incomplete if the effect 
on the adjacent steel were neglected. A sharply defined division 
line between flowed-in and pipe metal is rare in a good gas weld. 
Usually, a zone of transition, with a combination of the two 


metals, will be found. The prolonged heating necessarily con- 
nected with gas welding affects the base metal to a large distance 
from the weld. For instance, with a 6-in. standard pipe, the 
structure was found to have been changed to a distance of about 
3/, in. from the edge of the weld. A 4-in., B.w.g. No. 8 boiler 
tube showed a change of structure to a distance of 11/, in. from 
the weld. In detail, the structural changes and the extent of 
the affected zone depend on the type of steel and on the welding 
conditions (Figs. 7 and 8). 

The structure of gas welds is indicative of their mechanical 
properties. With sound metal and uniform structure, changes 
in strength may be judged fairly accurately from Rockwell 
hardness tests. These show a hardness of the flowed-in metal 
and the adjacent steel, which is highly heated during welding, 
higher than that of the original pipe steel, a gradual decrease 
below this level in a softened zone comprising both structurally 
changed and unchanged steel, and a return to the original 
hardness at a distance from the weld at which the metal was 
heated to less than 1000 to 1100 F. The tensile strength of the 
flowed-in metal is usually close to that of the pipe steel. The 
ductility is uniformly high throughout the weld. A striking 
example is presented by Fig. 9 showing butt welds of 4-in. 
boiler tubes flattened between parallel plates until the distance 
between. the plates was 1/2 in. Afterward, on hydrostatic pres- 
sure, the flattened section was reexpanded to nearly 3 in., at 
600 lb per sq in., before a crack occurred in the base metal 
adjacent to the weld. A specimen of unwelded boiler tube 
subjected to a test under the same conditions cracked at a pres- 
sure of 700 lb per sq in., with a reexpansion to 3!/s in. The 
ductility of the weld metal was quite remarkable when it is 
considered that the thickness of the weld was approximately 
1/, in., compared with a tube thickness of 5/3. in., a difference 
which caused a much more severe bending of the welding metal 
than of the boiler-tube steel. 


Evecrric-Arc Fusion WELDS 


Electric-are fusion welding with metal electrodes has charac- 
teristics quite different from oxyacetylene welding. The elec- 
tric arc heats base and wire metal rapidly, almost instantaneously, 
to a very high temperature, at which it has a high fluidity, and 
is in part even in a gaseous condition. At this temperature 
the metal reacts readily with the oxygen and nitrogen of the air. 
The resulting nitrides make the metal hard and brittle. Part 
of the oxides react with the carbon of the welding wire to form 
carbon-monoxide gas, which is entrapped in bubbles by the 
metal, making the weld porous. It is evident that the condi- 
tions can be improved very much by maintaining an atmosphere 
of neutral gases surrounding the are and the weld. Of the 
various methods devised to accomplish this, only the coating of 
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Fig. 6 


Fig. 7 
Fries. 6 to 8 MicropHoroGRAPHs OF OXYACETYLENE WELDS 


Fig. 8 


x 100 


(Fig. 6, structure of butt weld shown by Fig. 5; Fig. 7, structure of unwelded pipe; Fig. 8, structure of pipe metal 5/16 in. from weld.) 


the electrodes with a material which develops inert gases on 
heating has achieved commercial importance so far in the field 
welding of pipe lines, and has as a matter of fact resulted in 
producing welds of high quality. In addition to eliminating 
oxidization, nitriding, and the burning out of the carbon to a 
large extent, the inert atmosphere apparently has a heat-insu- 
lating effect resulting in a higher heat input into the weld. A 
beneficial effect of this condition is an improved distribution of 
' heating stresses at the weld. On the other hand, some under- 
cutting along the edges of the welds has not been eliminated 
entirely, and the higher heat concentration causes a high fluidity 
of the metal as flowed into the weld, which makes it very difficult 
to obtain good overhead welds. The attempt to overcome this 
trouble by applying numerous thin layers which solidify imme- 
diately at the surface of the previously flowed-in metal has 
yielded promising results, even though it still has disadvantages 
in regard to uniformity of structure and probability of slag 
inclusions. 

Heating and flowing-in of metal are simultaneous and inter- 
connected operations in are welding. If a sound weld is needed, 
it is necessary, therefore, to clean the surfaces of base metal or 
previously flowed-in metal very carefully, since any slag or other 
impurity left will be included in the weld and cannot be worked 


Fig. 10 Cross-Sections or Execrric-Arc Fusion Burr Wexps, Coatep Wire, 6-IN. STANDARD PiIpr 


(a, random transverse sections; }, transverse sections, top of pipe; c, transverse sections, bottom of pipe; d, longi- 
tudinal sections.) 


out during welding. Such inclu- 
sions, accordingly, are found more 
frequently in electric-are welds than 
in gas welds. One finds a similar 
condition in regard to penetration 
and fusion at the root of the weld. 
If the weld metal is not fused to 
the base metal at the root im- 
mediately or if the electrode metal 
which flows in in drops and slugs 
rather than in a continuous stream 
bridges over the root section, poor 
penetration results. Fig. 10 shows 
that the penetration is not certain 
to be good throughout the weld. 
Lately, backing strips have been 
used to secure more uniform pene- 
tration, care being taken to have 
the arc go from the welding elec- 
trode to the backing strip. The 
method which has been taken over 
from the welding of pressure vessels 
promises good results in pipe-line 


Fie. 9 Fruarrentnc TxEstT 


(Of 4-in. boiler-tube 
acetylene butt weld.) 


oxy- 


welding, though more atten- 
tion should be paid to shaping 
the backing strips to suit flow 
conditions in the pipes. 
Structural features of the 
welds are of course the result 
of the welding conditions. In 
electric-arc welding, the tem- 
perature of the weld metal is 
very high, while the total heat 
input is low, compared with gas 
welding, on account of the 
short duration of the welding 
action. Accordingly, the aver- 
age total temperature of the 
joint is low during welding, 
and tends to chill the fused-in 
metal, which freezes rapidly in 
needles or columns of grains 
radiating from the colder sur- 
faces. The heat liberated by 
the are and by the freezing 
and cooling of the molten metal 
increases the temperature of 
the parent metal or of pre- 
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Fig. 11 Fig. 12 


Fries. 11 to 14. MicropHoroGraPHus OF ELncrric-Arc Wetps, Barr WIRBP 


Fig. 18 Fig. 14 


x 100 


(Fig. 11, one-layer weld; Fig. 12, same layer after second layer was applied; Fig. 13, second layer; Fig. 14, fusion line.) 


Fig. 15 Fig. 16 


¥Fies. 15 10 17 MicropHoToGrapPus or Exectric-Arc WexLps, CoaTep WIRE 
(Figs. 15 and 16, structure of outer layer; Fig. 17, structure of inner layer.) 


Fig. 18 


Fig. 19 


Fries. 18 ro 20 MrcropHorograpus or Etectric-Arc WELDS, CoaTeD WIRE 


(Fig. 18, transition between inner and outer layer; 


viously flowed-in metal to the critical point at which it recrys- 
tallizes to a refined structure. Immediately adjacent to the 
weld, the temperature usually is kept up sufficiently long to effect 
a slight grain growth. At a very short distance from the weld, 
the duration of the heating is already so short that only partial 
recrystallization results along the boundary lines of ferrite grains 
and in the pearlite. 


1 Fig. 19, fusion line at outer layer; 
tween inner and outer layer, no grain growth.) 


The result is the presence of 
two very different types of 
metal structure. The last layer 
flowed on and any sections of 
previous layers not recrystal- 
lized, due to insufficient heat 
input during the flowing-in of 
the succeeding layer, have a 
dendritic metal. The remain- 
der of the flowed-in metal and 
the steel adjacent to the weld 
have a highly refined structure. 
The grain refinement in the 
base steel does not usually ex- 
tend to a distance from the 
weld exceeding #/32 in. from the 
edge at the surface. Toward 
the root, the width of the af- 
fected zone increases; this in- 
crease, however, is less than 
the decrease in the width of 
the weld with the usual 45-deg 
bevel. Absence of the inter- 
mediate zone of larger grains 
between the two types of metal 
mentioned before indicates a 
condition similar to those of 
“Japs” in gas welding and may 
be the result of an interrup- 
tion in the welding of a layer 
when the metal on restarting is 
not fused to the last fused-in 
metal. (See Fig. 10, weld No. 
2,d.) The conditions are illus- 
trated by Figs. 11 to 22. 

The ratio of the thickness of 
the two layers is of importance 
for the overall properties of 
the weld. It depends, of course, 
on the number of passes or 
layers employed, the relative 
amount of refined metal being 
increased with an increase inthe 
number of layers. Two-layer welds usually show the thickness of 
the outer layerto be about 50 per cent of the throat line, the volume 
being 50 to 70 per cent. With more layers, this relative thick- 
ness decreases, in general, though there are cases in which we 
have found the total thickness of unrefined metal to be 67 per 
cent in a three-layer weld, on account of insufficient recrystal- 
lization due to the use of thin layers with low heat input. 


Fig: 17 
x 100 


Fig. 20 
x 100 


Fig. 20, transition line be- 


— 


Sd 


. FUELS AND STEAM POWER 


The determination of the properties of an electric-are weld 
by means of tensile tests frequently disregards the fact that the 
usual tensile specimen contains a much smaller percentage of 
fibrous dendritic metal than the actual weld, and is therefore not 
representative. Welds made by bare-wire welding shall be 
excluded from further consideration, since their properties make 
them unsuited for use at high pressures and temperatures. The 
mechanical properties of the dendritic metal are influenced by 
the directional grain arrangement. The recrystallized weld 
metal usually has high strength and ductility. 

Bending tests offer conclusions in regard to the differences in 
ductility between the layers. If the outside of an unmachined 
weld is at the outside of the bend, the fracture usually runs 
through the outer layer at an angle of 90 deg to the surface, 
parallel to the direction of the fibers. It often changes its 
direction at the separating line between outer and inner layer, 
following the softened zone between chilled and refined metal, 
sometimes even splitting to both sides of the original fracture. 
The ductility of the inner layer is generally high. When bending 
tests are made for determination of the ductility of a weld, re- 
moval of the reinforcement keeps the specimen from being truly 
representative of the weld. In our experience, sideway bending 
of specimens about %/16 in. thick gives a better idea of the duc- 
tility of a weld than the usual bending test, especially since all 
sections of the weld are subjected to uniform amounts of stretch- 
ing. 

As with gas welds, Rockwell hardness tests can give a fair 
idea of the relative strength of the various types of metal of 
an electric-are weld made with coated wire. The hardness ratio 
between chilled and refined metal varies. The steel close to the 
weld shows large changes, the metal adjacent to the weld being 
decidedly harder than the original steel. The transition zone 
from increased to normal hardness is frequently so small that it 
is indicated only by its behavior during bending tests. 


WELDING STRESSES 


During welding, first an expansion of the parent metal occurs 
on heating, and is followed by a contraction of the solidified 
weld metal and the heated base steel during cooling. As far 
as expansion and contraction cannot be taken up by free move- 
ment of the material or by deformation, they result in cracks, 
or at least in residual stresses, lowering the resistance of the 
metal to stresses imposed from the outside. It is surprising that 
designers of welded structures often do not realize the importance 
of this simple mechanical process. 

Roughly, welding stresses may be either general or local. 
General stresses are those resulting from the expansion or con~- 
traction of the weld as a unit. It is evident that these stresses 
inerease with the amount of flowed-in metal per inch of weld. 
Accordingly, the weld should be not larger than necessary to 
obtain good penetration. A double-V weld is preferable in this 
respect to the single-V wherever the size of the equipment per- 
mits welding from both sides. With single-V welds, a decrease 
in flowed-in metal and heat input may be obtained with heavy 
wall thicknesses by decreasing the angle of the bevel, and accord- 
ingly the width of the weld. 

General stresses are lowest in circumferential welds, which 
are the most frequent type of 
pipe field joints. The expansion 
merely causes a slight increase 
in diameter, the contraction a 
decrease, part of which is bal- 
anced by the preceding expan- 
sion. The residual stresses re- 
maining after contraction are 
smallest with oxyacetylene 


Material and heat treatment 
Boiler-tube butt welds: 
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welds, since the plasticity of the large amount of heated steel is 
higher than of the cooler steel close to electric-are welds; ac- 
cordingly, it can take up a greater amount of deformation 
close to the weld and distributes the contraction stresses over 
a longer length of the pipe. With heavy wall thicknesses, 
the residual stresses in a weld may be higher asa result of the 
greater stiffness of the pipe. The influence of the factor of 
rigidity suggests that the size of residual inner stresses may be 
determined by the combination of diameter and wall thick- 
ness rather than by the thickness alone. 

Other types of welds do not always offer as favorable possi- 
bilities of deformation as circumferential welds. This is true 
not only with T-welds and angle welds, but also with all methods 
so far suggested and used for strengthening circumferential pipe 
welds by welding on reinforcing members. If sleeves are used 
which cover the butt weld and are fixed to the pipe by cireum- 
ferential fillet welds, the sleeve and the section of the pipe be- 
tween fillet welds are usually too rigid to take up the contraction 
stresses of the welds by deformation. The situation is still less 


Fig. 22 


Fig. 21 


Fries. 21 aNp 22 MicropHOTOGRAPHS or Execrric-Arc WELDS, 
Coatrep Wire X 100 
(Figs. 21 and 22, changes in steel near weld.) 


favorable if heavy longitudinal straps are used as reinforcements. 
Such straps are attached to the pipe by fillet welds, either all 
around or along the longitudinal edges, excepting at the pipe 
butt weld. The material between fillet welds is extremely stiff, 
and the cooling contraction of flowed-in and heated metal results 
in high stresses within weld, pipe, and strap. Since, in addition 
to welding stresses, operating conditions impose stresses caused 
by temperature differences between pipe and reinforcements, 
the value of such safeguards is doubtful, and it seems certain 
that they weaken the joint rather than strengthen it. 

Local stresses are caused by uneven cooling within the weld 
and can be aggravated by lever action, especially at the start 
of a thin metal weld, since the slower heat transfer to the air 


TABLE 1 ROCKWELL HARDNESS TESTS OF OXYACETYLENE WELDS 


_——Difference from unheated steel——. 
—Stee. 


Steel 


eee 

t affected Close Weld Not affected Close Weld 

ae Salaing to weld metal by welding to weld metal 
B61.0 Aci B61.5 0 +0. 
B56.1 a B61.5 — 4.9 + 0.5 
B81.7 B82.1 B85.0 0 + 0.4 + 3.3 
B64.1 B70.1 B73.6 —17.6 —11.6 — 8.1 
B61.1 B61.1 B67.6 —20.1 —20.6 —14.1 
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Fig. 24 
Fries. 23 to 25 MicrRopHOTOGRAPHS OF Boiter-lusBp Mprau 


x 100 


(Fig. 23, unwelded boiler tube; Figs. 24 and 25, boiler-tube metal 1/s in. from butt weld before and after anneal at 1700 F.) 


Fie. 26 MicropHoToGRarH oF SHarp-HpeEep INCLUSION x 100 


(At transition between inner and ae layers of coated-wire electric-are 
weld. 


keeps the starting point softened longer than the adjacent metal, 
which is cooled by heat transfer to the metal. These stresses 
can be equalized only by sufficient ductility of the metal. 

If the residual stresses in a weld joint are large, whether 
general or local, it is probable that the metal has been stretched 
to nearly the limit of its ductility. As a result, only small 
additional stresses, especially impact or repeated stresses, are 
likely to cause local or general failure. The ductility of such 


metal, unless cracks actually have been formed, can be restored 
by heating, which in addition relieves the stresses. 

Experience and tests indicate that residual stresses in a cir- 
cumferential joint made by oxyacetylene welding are usually 
very small, due to the characteristics mentioned before. An- 
nealing is therefore likely to weaken the weld rather than 
strengthen it, and may even increase the difference in properties 
between pipe and weld metal, due to the difference in reaction 
under recrystallization. Table 1 suggests the advisability of 
investigation in every single case warranting especial care. In 
the case of the boiler tube which was not weakened seriously by 
the annealing treatment, a comparison of Figs. 23 to 25 indi- 
cates that the structure should be normalized. 

The conditions are different with electric-are welds in which 
localized heating to high temperatures results in high unrelieved 
stresses and plastic hot and cold deformation. Annealing treat- 
ment of bare-wire welds is not practicable, and may even result 
in weakening of the weld—a condition which has been attributed 
to the growth of nitride needles on slow cooling and to the pres- 
ence of nitrogen in solid solution with the iron on quick cooling. 
As far as welds made with coated electrodes are concerned, the 
effect of annealing on the pipe metal should be determined and 
should be considered in the calculation of permissible fiber 
stresses. The increased differences in hardness between pipe 
and weld metal after annealing, shown in Table 2, are not 
necessarily detrimental, since the ductility of each metal is in- 
creased by the annealing. Heating above the critical point is 
required for removal of the columnar structure in the outer layer 
and for equalizing the properties within the base metal and 
within the flowed-in metal. 


Srress Conpirions At WELDS 


The final point to be considered is the influence of the proper- 
ties of welds on the behavior under operating stresses. This 
point will be better understood after a short review of some 
actions of metals under stress. 

Whenever the unit stress in a metal exceeds the yield point, 
stretching takes place until the work hardening has increased 


TABLE 2 ROCKWELL HARDNESS TESTS OF BLECTRIC-ARC WELDS WITH FLUX-COATED WIRE 


Hardness Difference from unheated steel————~ 
Steel Weld metal Steel -——Weld metal—— 
f Not affected Close Outer Inner Not affected Close Outer Inner 
Material and heat treatment by welding to weld layer layer by welding to weld layer layer 
6-in. std. pipe butt welds: 
Rs wel dain 5c vcrousrntoe eters cue agie rare nes toWnl oe ae tetera B81.7 B85.4 B89.4 B92.2 0 + 3.7 +7.7 +10.5 
Annealed at 1100 F..... Sy Bo mose Origa te oct B64.1 B71.4 B89.0 B86.0 —17.6 —10.3 +7.3 + 4.3 
Annealed at 1650 F.... 2.2... - eee esate eres B61.6 B61.7 B76.0 B76.3 —20.1 —20.0 —5.7 — 5.4 
wages es epee ie ae double-V welds: 
mnesled-atil100) Re... f:.0 Fee res ehh eres B68.9 B73.4 B82.2 B77.6 
Araealed nt 1680. eee h Rae eee B71.3 B71.3 B78.9 Bys.9 | Hardness of unwelded steel not known 
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the yield point to the unit stress. If the overload is confined to 
part of the cross-section, the local deformation affords an addi- 
tional relief by distributing the stress over a larger cross-section 
area. The maximum amount of local stress concentration to be 
taken up is limited by the ductility of the metal. 

Below the yield point, failure can be caused by repeated 
stresses to a point above the “fatigue limit.’’ Close to the 

, fatigue limit, failure is caused by millions of stress reversals; 

’ with increasing load, the number of stress repetitions required 
to cause a fracture decreases rapidly. Stress concentrations 
are especially dangerous, since deformation does not take place, 
and therefore ductility cannot give relief. If large residual 
stresses are present in the metal, even small operating stresses 
may lead to fatigue conditions. 

The detrimental effect of voids or inclusions is due largely to 
the stress concentrations in the metal next to them; these are 

) highest at sharp corners (Fig. 26). The stress concentration at 
inclusions is sometimes indicated by cracking during cooling 
(Fig. 27). An especially serious form of voids is presented by 
poor penetration or by lack of fusion at the root of the weld, 
since the wedge effect causes high stress concentration at a point 
of maximum operating stress. Fig. 28 shows inclusions and poor 
penetration of head welds; the weld shown by Fig. 28c appeared 

' to be very good until it was cut. 

The influence of structural differences on stress conditions is 
best demonstrated by an examination of the bending fracture, a 
sketch of which is shown by Fig. 29. The weld was a double-V 
butt weld, made in a shop and stress relieved at 1100 F for 
removal cf contraction stresses. The fracture occurred in 


accordance with the structural properties, with a rough break 


Fig. 27. MicropHoToGrapH oF IncIPIENT CracK X 100 
(Caused by stress concentration at inclusion during cooling.) 
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parallel to the fibers in the outer layers, smooth silky surfaces 
in the inner layers, and changes of direction in the transition 
zones. Evidence of stresses caused by structural differences is 
offered by the branching crack in one of the transition zones. 
Before bending, this section was found to be sound. If the crack 
were the result of bending alone, in the absence of inner stresses, 
it would be widest at its mouth and would have a sharp root. 
The size of the inner stresses is indicated by the fact that splitting 
oceurred even before the bending had proceeded far enough to 
cause grain deformation of the inner layer (Figs. 30 and 31). 
Just as lack of ductility of the metal may lead to local stress 
concentrations and failures, rigidity of the weld within the pipe 
causes stress concentrations in weld and adjacent pipe metal. 
In this connection, high ultimate elongation of the weld metal 
is of little importance if the welded pipe would fail under a 
pressure imposing a unit stress on the weld metal far below the 


Fic. 28 Head WELDS SHOWING Poor PENETRATION AND VOIDS 
(a and b, faults showing on inner surface; c, fault disclosed by cutting.) 


pic. 29 Fracrurr or Branning TEST 
(Blectric-are double-V butt weld. See Figs. 30 and 31.) 


ultimate strength or even below any other stress causing appre- 
ciable deformation. High tensile strength of weld metal and 
reinforcement contribute to rigidity of the weld. The aim should 
be to obtain a weld as similar in all properties to the pipe as 
possible and not to get weld metal as high in tensile strength and 
ductility as possible. 

Selecting covered-wire electric-are welds as representatives 
of high-strength welds and oxyacetylene welds to represent 
flexible welds, a comparison of both elastic and plastic deforma- 
tion is offered by the following two tests. 

Fig. 32 shows the stress-strain relationship of the two types 
of welds. As a result of the reinforcement, the oxyacetylene 
weld does not follow the expansion of the pipe as readily as it 
would, according to the close similarity of the properties of the 
two metals—shown by Fig. 33. The electric-are weld, however, 
has a much higher rigidity, even though in this case poor pene- 
tration has cut down the stress-carrying cross-section area. 

The behavior of the two types of welds under plastic deforma- 
tion is evident from Fig. 34. The rigidity of the electric-arc 
welds—i.e., the butt welds of Nos. 1, 2, and 4 and the head welds 
of No. 4—resulted in stress concentrations at the welds which 
caused splits originating in the pipe to continue through the butt 
welds or close to the head welds. The greater plasticity of the 
oxyacetylene welds served to distribute the stresses more evenly, 
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Fig. 30 


Fies. 30 anp 31 
WIRE 


(This is of test shown in Fig. 29. 


—t. 
| Oxyacetylene Weld 


ent of Diamete- 
fo>) 


jo" 
3 Electric-Arc Weld 
.S) ' Pe 
‘= | G 
e 4 oA et = 
S pia 
fo} ° Aon ’ 
Es 1d 4<= 
= - 
2 
ye * Pipe 
€ o Electric-Arc Weld 
£ ' | + Oxyacetylene Weld | 
uw 
10) S| 
te) 500 1000 1500 2000 


Pressure in Pipe, Lb per Sq In. 


Fic. 32. Expansion Tust or 8-In.-Pipzn Burt WELD 
& 4 = 
a 
Cc 
7 + 
oa 
E 
& 
a6 
yY 
lo} 
= 
5 5 
Oo 
;& 
[sb 
ag abe 
So - 
a 4 rc yl 
£3 in ric-T = 
c ire elect 
gS) ted wit- 
+2 a= - 
S © Pipe 
2 A © Electric-Arc Weld 
5 | + Oxyacetylene Weld 
ira} 
0 é IL 
(0) 5,000 10,000 15,000 20,000 


Stress in Metal, Lb per SqIn. 


Fig. 33 ApproximaTr Srress-STRAIN CURVES OF 8-In. Pipp AND 


UNMACHINED Butt WELDS 


a condition which limited the extension of the fracture, per- 
mitted a uniform rate of expansion (as shown by Table 3), and 
increased the bursting strength of the specimen. ‘This result 


Fig. 31 


MicropHoTOGRAPHS AFTER BENDING TEST OF SpECIMEN OF MACHINED Execrric-Arc DousLr-V Burr WELD, Fiux-CoaTED 


x 100 


Structure at either side of mouth of branching crack.) 


Fig. 34. Specimens or 6-In. Stanparp-Pirn Burr Wsips BROKEN 
By INTERNAL HyDRAULIC PRESSURB 


was obtained in spite of the fact that the tensile strength of the 
electric-arc weld metal was 10 per cent higher than that of the 
oxyacetylene-weld metal. The importance of the stress concen- 
tration is indicated by the fact that the breaking stress of the 
electric-arc metal was less than 70 per cent of its tensile strength, 
if the stress concentration is disregarded. 


TABLE 3 MAXIMUM EXPANSION OF PIPE AND BUTT WELD 
OF SPECIMENS SHOWN BY FIG. 39 
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CoNCLUSIONS 


If these investigations, which have been based on our own 
tests as well as on service experiences extending over many 
years and on some published and unpublished data obtained 
elsewhere, indicate that in this case oxyacetylene welding fills 
the requirements in regard to soundness and adaptation to 
service conditions better than electric-arc welding, it is not 


\ intended to claim any general superiority of gas over electric- 


are welding. Investigations of other types of welded joints 
have indicated that in many cases the properties of electric-arc 
welds made with covered wire, or sometimes even with bare 
wire, may be better suited to the particular conditions and 
requirements. 


Discussion 


Groras C. Eaton.? The author’s conclusion is that the oxy- 
acetylene method at present offers more certainty of a thoroughly 
sound weld than electric-arc welding, but the writer believes 
that the day is not far off when electric welds made in the field 
will be far superior to the other type. This company has used 
welding of pressure pipe lines for over eight years. The first use 
of any magnitude was during the building of the first section of 
Edgar Station in North Weymouth. Oxyacetylene seal welding 
of Sargol joints on steam piping was used extensively. No butt 
welds of any type of piping were made at this time. Sargol 
joints have since been used for both steam and feedwater piping 
in the high-pressure additions to the station. 

In practise the use of oxyacetylene welding for resealing the 
Sargol joints, after breaking for maintenance work, has not been 
continued. We use electric welding instead for this reason: 
When breaking the weld, it is necessary to chip away the weld 
metal, and in doing so it is impossible not to remove part of 
the joint lips. After several breaks and rewelds of one joint, 
a failure of the pipe metal was found at the flange due to the 
heating by the oxyacetylene-welding procedure. Since that time 
we have used the electric-are method, which enables us to 
readily build up the lips without endangering the pipe metal. 

It may be interesting to know that we have also substituted 
a thin soft-iron gasket for the seal weld on a number of joints 
with consistent success. Our operators and repair foreman are 
strongly in favor of electric-arc welding over oxyacetylene for 
all purposes except brazing of thin metal and cutting. 

In the addition to Edgar Station in 1927, we have used butt- 
welded pipe lines for water up to 30 lb per sq in. pressure and 
steam piping up to 120 lb per sq in. pressure and 525 F. No 
trouble with these welds as made by the oxyacetylene method 
has developed. 

At our Kneeland Street Steam Heating Station in Boston, 
butt-welded boiler-feed lines up to 325 lb per sq in. have been 
used successfully since the first installation in 1930. The oxy- 
acetylene-welding method was used in this case because of the 
portability of the equipment. 

In the steam-heating distribution system all joints of the 
recent additions built for 200 lb per sq in. have been oxyacetylene 
welded. The joints of one of the earlier welded jobs were an- 
nealed, as it was then felt worth while. Subsequently this prac- 
tise was given up because it was not considered that the cost of 
the annealing justified the results obtained. The largest pipes 
yet welded have been 16 in. in diameter. It is believed that 
annealing of welds on pipes over 24 in. in diameter when installed 
will be economically justified in the light of présent practise. 


2 Mechanical Technical Engineer, Generating Department, Edison 
Electric Illuminating Company, Boston, Mass. Jun. A.S.M.E. 
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F. P. Farrcuitp.? The use of welded joints for pipe work in 
power-station practise is relatively new. Our company has 
recently completed two installations for the Public Service Elec- 
tric and Gas Company in which all the line joints are welded. 
One of these installations is for a pressure of 700 lb per sq in. 
and a total temperature of 850 F, and the other for 375 Ib pres- 
sure and 750 F temperature. To as great an extent as possible 
pipe joints were made in the fabricator’s shop by the electric- 
arc-weld process, using coated wire. Field welds were made 
by the oxyacetylene process. The welders were qualified for 
the work by demonstrating their ability to make sample welds 
to meet requirements as to ductility, tensile strength, grain 
structure, porosity, fusion, penetration, and absence of slag 
inclusions. The actual welding work in the field is also witnessed 
by a qualified inspector. 

A large number of samples tested showed failure of the welds 
to penetrate to the bottom of the V, and some trouble has been 
experienced with deposits of welding material inside the pipe. 
Both of these difficulties can be largely overcome by the exercise 
of sufficient care on the part of the welder. However, in order 
to eliminate the human element as far as possible, the practise 
has been adopted of inserting a 1/15-in. by 1-in. ring of metal 
inside the pipe under the weld. ‘The ring is tack welded to one 
of the pipes before putting the ends together. It acts as a 
base for starting the weld and permits the welder to get full 
penetration without the formation of stalactites inside the pipe. 
At Burlington Generating Station the inside rings were not used, 
but reinforcing strips were placed longitudinally on the outside 
of the high-pressure pipe. On the installation at Kearny Gener- 
ating Station, the rings were used on the most recent work, and 
the reinforcing strips were omitted except on field nozzle welds, 
where the reinforcing strips are still thought advisable. 

Field welds are annealed by heating to approximately 1200 F. 
In order to assure slow cooling, a special removable box packed 
with asbestos is placed over the joint before heating and the 
pipe ends are closed to prevent inside air circulation. 

Valves up to 10 in. in size have been welded into the line. 
The larger valves are the screwed-end type, with short pipe 
nipples screwed and electric arc welded into each end in the 
manufacturer’s shop. The field welds are then only an ordinary 
pipe weld between the nipples and the pipe. On smaller valves, 
2 in. and under, the valve body is machined down to pipe size 
and welded directly into the line. By using the proper tips 
the temperature of the valve body never exceeds 750 F, and 
there is no danger of warping of the valve seat or disk due to 
excessive heating. Small water-cooling jackets were at first 
provided to insure against exceeding this temperature, but later 
were found to be unnecessary. The stresses which can be trans- 
mitted to the valve during welding are materially reduced by the 
pipe nipples on the large valves. On the small valves the rela- 
tively thin part of the valve body, where it has been machined 
down to pipe size, serves the same purpose. 

Because of the human element involved in making welds, the 
tests of finished work must be extra rigid. Samples of welders’ 
work can only indicate their ability and conscientiousness and 
do not absolutely insure against faulty work. Installations of 
this kind should be hydraulically tested to at least twice the 
working pressure and be hammered while under pressure as 
heavily as the thickness of the material permits. 

There is little doubt that eventually the electric method of 
welding will develop to a point such that it can be used for field 
work, except perhaps for special cases, and will give more satis- 
factory results than the gas method. However, we are in agree- 
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ment with the author of the paper that this state of the art has 
not yet been reached. 


O. A. Twur0n.* Fortunately there is a considerable volume 
of published data of a reliable nature available indicating the 
characteristics of welds. Today there is no excuse for the 
designing engineer who approaches the subject with an open 
mind not knowing exactly what he has to work with in using 
welds. Such organizations as the American Welding Society 
and the A.S.M.E. have established Tentative Codes for Pressure 
Piping which have set forth the conditions that must be met 
by suppliers of raw materials and the performance characteristics 
that may be demanded of the finished weld. These factors are 
thereby established as the essential elements to permit of the 
use of welding in such work. Manufacturers of electrode wire 
have readily met these requirements and have been spurred on 
by the healthy element of competition to provide complete 
tabulated physical characteristics of welded joints producible 
with their electrodes, basing their results on standard test speci- 
mens and methods, which standards have likewise been estab- 
lished by the national bodies interested in this work. 

The standard joint for are-welded pipe is of the single-V type. 
The following is from a specification used by the General Electric 
Company for field-welded joints of pipe from 2 in. to 18 in. 
diameter, inclusive: ‘“The pipe ends shall be beveled to an 
angle of 45 deg and with a width of flat at the end of the pipe 
of !/s2 in. plus or minus 1/sin. The angle of bevel shall be mea- 
sured from a line drawn perpendicular to the axis of the pipe.” 

Experience has shown that good quality weld metal and 
penetration at the bottom of a V are obtained when chill rings 
are used. On pipe sizes up to and including 4 in. in diameter 
they are not necessary, but on sizes greater than 4 in. in diameter 
it has become standard practise with our company to use chill 
rings, thus insuring a joint of 100 per cent cross-section of 
good weld metal. In heavy walled piping where several passes 
are necessary each pass is limited to not over 5/s9 in. in thickness 
per layer. Stress relief is accomplished in several ways. In 
some cases this is done by peening each layer thoroughly. In 
the great majority of cases, however, the pipe wall is relatively 
so thin that stresses set up by welding are negligible. Hach 
subsequent layer of weld metal partially strain-relieves the 
previous layer and refines its structure. It is therefore a standard 
element of the American Welding Society’s tentative welding 
specifications that the top of the next to last bead of a weld 
shall be-1/15 in. above the surface of the parent metal. This 
insures a joint of 100 per cent thickness of refined and strain- 
relieved weld metal. 

The statement is made that oxyacetylene welding has pro- 
ceeded to a stage where its success depends entirely upon the 
judgment, skill, and carefulness of the welder, whereas electric- 
are welding has not proceeded this far. Itisa mistake to assume 
that either process is entirely dependent upon these factors. In 
our opinion these are but three of the important factors and 
may be summed up into one term—namely, “proper qualifica- 
tion of the welder.” Other equally important factors are rigid 
adherence to design specifications for material and joints, engi- 
neering specifications as to electrode diameter, welding current, 
are voltage, thickness of layers, speed of welding, and technique. 
These factors are all controlled by systematic supervision and 
inspection, by the consistent testing of specimens cut from the 
work, and by proper qualification tests of operators before em- 
ployment, as well as periodical checking of this qualification 
from time to time as the work progresses. Electric-are welding 
most certainly has progressed to the point where its success is 


4 Industrial Engineering Department, General Electric Company, 
Schenectady, N. Y. 


definitely predictable and is dependent less on the human element 
than on correct engineering and intelligent supervision. It is 
therefore entitled to recognition as an exact science available as 
a construction tool. 

Another statement is made that a weld can be considered 
reliable even when certain deficiencies are present to a limited 
extent and that the gradual elimination of such defects should 
be required of the welder. This is hardly admissible in present- 
day practise in welding. We ourselves consider piping generally 
to come under the classification of ‘‘class II pressure vessels,”’ 
as described in the A.S.M.E. Boiler Construction Code for 
Unfired Pressure Vessels. This code differentiates between 
class I and class II vessels mainly in that class I vessels can and 
must be X-rayed, whereas class II vessels need not be. The 
other physical property requirements are equally as rigid. 
Welders who cannot meet these requirements consistently should 
not be, and are not, permitted to engage in such work. Experi- 
ence has shown that with the arc-welding materials and procedure 
as they are known today such qualification of welders is not too 
rigid and there is no need for accepting any lower quality of 
workmanship. 

Reference to the presence of small voids, air and gas pockets, 
and inclusion of oxides, slag, and other foreign matter in welds 
leads the writer to assume that the author believes these are 
still necessarily met in the arc-welding materials and procedure 
of today. Such imperfections were common in the welds made 
with bare or lightly coated electrodes of a few years ago, but 
such materials are no longer used in this class of work. Heavily 
coated electrodes are now used exclusively for pipe-line systems. 

The General Electric Company is now installing a 14-in.-in- 
diameter, !/:-in-wall arc-welded steam pipe line at its plant in 
Schenectady. This line is designed for operation at 400 lb 
pressure and 750 F. The following results are taken from 
qualification tests made by two of the welders: Average ten- 
sile, 64,038 lb per sq in.; average elongation (free bend), 50.6 
per cent. In this particular project we are perhaps a little 
ruthless in our methods of testing the welders. Each man is 
required to weld a set of qualification test samples after every 
20 joints, and is not permitted to continue until these are tested 
and his work is found to be of required quality. In addition 
one completed joint is cut out of the line at random from every 
20 completed joints and is subjected to a complete set of tests. 

Although oil pipe lines are not strictly comparable with steam 
and water lines, it is interesting to note that a survey made by 
the American Gas Association showed that there are 5000 miles 
of this kind of welded pipe lines in the country today, with no 
reports of serious failures of any of the welded joints. A large 
refiner in Pennsylvania has just completed a 200-mile gasoline 
transmission line of seamless-steel tubing of 6 in. and 8 in. 
diameters. All joints were are welded and with electrodes of 
the heavily coated type. 

In the new factory of the Cleveland Wire Works of the General 
Electric Company the entire piping system for steam, water, and 
process gases has been installed by are welding, using the heavily 
coated type of electrode. 

It will be interesting to note the relative effect of corrosion on 
are welds of the type mentioned and on the parent metal. Test 
welds made on A.S.M.E. specification $1 steel boiler plate have 
been immersed in a 50 per cent solution of hydrochloric acid at 
room temperature for 86 hours, and show no greater corrosion 
of the weld than of the plate itself. Welds made with ordinary 
bare or lightly coated electrodes, when subjected to this test, 
show a very spongy appearance of the weld, due to the unrefined 
metal and the inclusion of oxides and nitrides which are quickly 
attacked by the acid. 

It is commonly believed by some, and stated by this author, 


' resulting in a fine-grained ductile structure. 


FUELS AND STEAM POWER 


that an inherent characteristic of welds made with the heavily 
coated electrodes is an undercutting at the edges of the weld. 


_ Our experience has shown that this is an erroneous idea. If an 


electrode is of the proper design and used by a competent opera- 
tor, there is no excuse for undercutting. 

The writer is in agreement with the author’s statements as 
a whole, and although it has been indicated that arc welding is 


. considerably more advanced than the paper would lead one to 


believe, this discussion should be considered as completing the 
story rather than unduly criticising it. 


Apert Sauveur.® In his critical review of the features of 


. the electric-are welding and of the oxyacetylene welding of pipes 


in field work, the author seems to favor the latter method. 
Only the metallurgical side of these operations comes within 
the writer’s province. In are welding, the possibility exists of 


, obtaining the weld metal in a fine-grained condition, owing to 


the refining influence of each layer or bead on the preceding 
layer upon which it is deposited. The first layer is rapidly 
cooled, and therefore becomes somewhat martensitic in structure. 
This implies hardness and lack of ductility. Upon the deposition 
on this layer of a second layer, the former is reheated above its 
thermal critical temperature. Recrystallization takes place, 
Each layer in this 
fashion refines the layer upon which it is deposited. In gas 
welding, on the contrary, owing to the preheating of the base 
metal, the liquid steel cools relatively slowly and acquires a 
coarse structure which it would seem must lack the ductility 
and probably the strength of a fine-grained structure. 

It has often been said, and rightly so, that the metal deposited 
in welding is necessarily in a cast condition. In arc welding, 
however, this casting may be annealed during the process of 
welding, whereas in gas welding such a possibility does not exist. 


C. A. Apams. The average gas weld is for some purposes 
superior to the average bare-electrode arc weld, particularly 
when ductility is important. On the other hand, are welds with 
heavily covered electrodes are regularly being made in the com- 
mercial production of class I pressure vessels that are superior 
to the best gas welds. However, some of these electrode cover- 
ings are of such a nature as to make overhead welding difficult, 
if not impractical. With one type of covered electrode, it is 
possible to make overhead welds of high quality, but for field 
work such as described in the paper it is probably true that one 
is more likely to get satisfactory results from gas welding than 
from electric-are welding on the overhead part of the job, al- 
though it is entirely possible to do equally satisfactory work 
with the proper type of covered electrode. 

The major purpose served by an electrode covering is the pro- 
tection of the molten and hot metal from contamination by the 
atmosphere, since both oxygen and nitrogen would otherwise 
be absorbed by the molten metal in passing across the are and 
seriously affect the quality of the deposited weld metal. The 
oxides and nitrides in such quantities as appear in bare-electrode 
are welds do not detract from the tensile strength, but do detract 
seriously from the ductility of the weld. 

In a gas weld made with a proper mixture of acetylene and 
oxygen, the hot metal is protected by a considerable envelope 
of the products of combustion which are normally neutral. 

There are two principal types of electrode covering: one a 
slag covering, which is quite unsuited for overhead welding; the 
other is a covering of carbohydrate material with some combus- 
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tion retarder such as sodium silicate or water glass. In this case 
the covering is largely converted into a protective reducing gas 
envelope by combustion, and there is a negligible amount of slag. 
With this type of electrode covering it is possible to make good 
overhead welds, although considerable skill is required. The 
purpose in presenting this discussion is to prevent a possible 
misinterpretation of the author’s conclusions, which are, within 
the field covered by the paper, substantially correct. 


AuTHOR’s CLOSURE 


Without going into a detailed analysis of the conditions, the 
author would say that electric-arc welding should be superior to 
oxyacetylene welding in the sealing of Sargol joints, as mentioned 
by Mr. Eaton. This particular type of work does not require 
any flexibility or a weld completely free from inclusions, while 
the greater heat input of oxyacetylene welding is detrimental, 
especially if the joint is occasionally broken. 

The use of reinforcements in the case of nozzle welds, mentioned 
by Mr. Fairchild, is justified only by the weakening of the pipe; 
in other words, the pipe is reinforced, not the weld itself. The 
suggestion made in the paper that the stress concentrations neces- 
sarily resulting from the use of reinforcing straps may weaken the 
welded joint has been substantiated by fatigue tests carried out 
at the instigation of the German State Railroads. Such tests 
showed failure of joints reinforced by straps after less than one- 
third of the reversals needed to cause failure of joints not rein- 
forced.? The reinforcements, accordingly, tended to weaken 
the joint rather than to strengthen it. The use of backing strips 
is much more desirable, both for oxyacetylene and electric-are 
welds, especially if the cross-sectional shape is adapted to flow 
conditions in the pipe. 

The statement quoted in the fifth paragraph of Mr. Tilton’s 
comments related, of course, to deficiencies such as were discussed 
at that particular section of the paper, not to deficiencies as de- 
fined by the various codes. It should be kept in mind that, 
though the code has raised the standard of welds by making 
higher minimum requirements, compliance with the code does 
not relieve the user from the responsibility of analyzing the 
particular conditions of any one problem and of taking into ac- 
count factors which are not covered by the code. Failure to 
realize this condition is responsible for the tendency found so 
frequently to overrate especially the importance of the tensile 
properties of the weld metal. A weld may be a weak point of any 
structure, in spite of very high tensile strength and ductility of 
the weld metal, if it causes stress concentrations by its shape or 
by relative rigidity resulting from its very strength. 

Mr. Tilton’s company kindly made an overhead weld for us to 
examine. While the weld was the best electric-arc overhead 
weld we have had an opportunity to test and while it filled all 
code requirements relating to strength and ductility of the metal, 
it failed to come up to the requirements regarding shape of rein- 
forcement and relative freedom from voids or inclusions. The 
shape of the reinforcement, which in this case had its greatest 
thickness close to the edges, is detrimental whenever fatigue 
stresses appear in service. This condition is aggravated by 
undercutting; though this is not believed to be an inherent char- 
acteristic of electric-are welds, it has been found generally or at 
localized spots in all extended welding jobs that the author has 
seen so far and to a slight degree even in the test weld mentioned. 
Inclusions and voids were the deficiencies to which the statement 
quoted by Mr. Tilton referred. Micrographs of some of the 
inclusions found in the test weld have been used in the paper to 


7“Dauerfestigkeit von Schweissverbindungen bei verschiedener 
Formgebung,”’ by Prof. Dr. A. Thum, V.D.I., vol. 77, no. 19, May 
18, 1933. ‘Die Dauerfestigkeit der Schweissverbindungen,” by 
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supplement the illustrations of defects. The test weld, in general, 
corroborated the statements made in the paper. 

Professor Sauveur touches on a problem which has occupied the 
author’s attention at various times. Tensile and bending tests 
actually do show a ductility of the coarse-grained oxyacetylene 
weld metal equal or superior to that of the small-grained recrys- 
tallized electric-are weld metal. The ductility of the unrefined 
layers of electric-are welds is sometimes quite inferior, due not 
only to martensitic constituents, but also largely to the columnar 
grain arrangement. It is believed that the high ductility of the 
oxyacetylene weld metal is to be credited to the low residual 
stresses and, metallurgically, to the low carbon content resulting 
from the higher loss of carbon during welding, as compared with 
covered-wire electric-are welding. While the low carbon content 
counteracts the effect of grain size in regard to ductility, there is a 
possibility that coarseness of the structure lowers the impact 
strength of the weld metal. Since there have been indications 
pointing to this condition in some instances, an investigation by 
notched-bar tests would be of value and is suggested to labora- 
tories which have suitable testing equipment. 

The necessity of using several layers in electric-are welding has 
advantages from the metallurgical point of view, as pointed out 
by Professor Sauveur. The disadvantage, especially in field 


welding, is that pieces not only of slag, but of oxide scale, are 
entrapped by subsequent layers. Before electric-are welding 
can be considered entirely satisfactory in field welding involving 
the service factors considered in the paper, it will be necessary to 
find ways that will positively insure the removal of all slag and 
scale on the surfaces of intermediate layers. The choice of a 
covering in accordance with Professor Adams’ suggestions is one 
step in this direction. It is necessary, furthermore, to develop 
electrodes and welding procedure to a stage at which overhead 
and any other type of field welding can be done successfully by a 
good welder, without unduly high demands on skill or precautions. 

The opinion was variously advanced or indicated during the 
discussion that electric-are welding would soon or ultimately be 
superior to oxyacetylene welding. The author believes “superi- 
ority” to be a relative term inasmuch as he is aware of many 
types of welds for which even now he considers electric-are 
welding “superior.” Progress in further insurance of soundness, 
reduction of residual welding stresses, increase of weld flexibility 
by improved control over weld metal properties, and better 
realization of the factors influencing fatigue resistance are points 
to which the paper was intended to direct attention for the benefit 
of power piping welding and, perhaps, of many other applications 
of welding in general. 


—— 
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Roller-Bearing Service in Locomotive, 
Passenger, and Freight Equipment 


By T. V. BUCKWALTER,! CANTON, OHIO 


Modern civilization is based on transportation, and the 
fundamental prime mover in transportation is the steam 
locomotive. Improvements in the steam locomotive 
affecting its efficiency and reliability are reflected in a 
corresponding manner in the entire transportation in- 
dustry. The loads and stresses developed in locomotive 
service on bearings are exceptionally severe, and the con- 
sequences of failure are far reaching, and these conditions 
together have militated against rapid introduction of the 
roller bearing in locomotive service. The application of 
the roller bearing in passenger service has progressed in an 
encouraging manner over a period of years, but efforts to 
interest railroad men in application of roller bearings 
to a complete locomotive were unsuccessful, and finally 
convinced the Timken company of the desirability of 
building a locomotive equipped on all wheels with roller 
bearings and loaning it for an extended period of service to 
the railroads of the United States. The Timken locomo- 


HE Timken locomotive was de- 
signed for application of Timken 
bearings on all of the drivers, en- 
gine-truck, trailer, and tender-truck wheels, 
on the Franklin booster, and on various 
elements of the control mechanism. The 
introduction of roller bearings on the 
drivers permits of higher rotative speeds, 
as the bearings surround the drivers com- 
pletely, and eliminates pounds within the 
bearing boxes. Heating is eliminated, as 
the temperature rise does not exceed 25 
deg above atmosphere. The wheel diameter was therefore se- 
lected between that prevailing for modern high-speed freight lo- 
comotives, averaging 70 in., and high-speed passenger locomotives, 
with 80-in. drivers. The economy in friction, estimated at 12 to 15 
per cent, was utilized in increasing the diameter of the drivers over 
that of the modern freight locomotive, and developing through 
the saving in friction a drawbar capacity equivalent to the 
latter. 

The 73-in. wheel was therefore selected. Careful proportioning 
of reciprocating parts and rods permits of operating the 73-in. 
driver at speeds sufficiently high to handle the existing American 
passenger-train schedules. 


1 Vice-President, Timken Roller Bearing Company. Mem. A.S.- 
M.E. Mr. Buckwalter entered the employ of the Pennsylvania 
Railroad at the Altoona Works in 1900, and after six years of shop 
experience was transferred to the motive power engineering depart- 
ment, continuing work on automotive engineering matters until 
1916. He developed the electric baggage, mail, and express trucks 
generally used at railway terminals throughout the world. He was 
Chief Engineer of the Timken Roller Bearing Company from 1916 
to 1922 and Vice-President since 1923. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Bigwin Inn, Lake of Bays, Ontario, Canada, June 
27 to July 1, 1932, of THe AMERICAN Soctrry oF M®CHANICAL 
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tive was designed for application of Timken bearings on all 
of the drivers, engine-truck, trailer, and tender-truck 
wheels, on the Franklin booster, and on various elements 
of the control mechanism. The introduction of roller 
bearings on the drivers permits of higher rotative speeds, 
as the bearings surround the drivers completely, and elimi- 
nates pounds within the bearing boxes. Heating is elimi- 
nated, as the temperature rise does not exceed 25 deg above 
atmosphere. The wheel diameter was therefore selected 
between that prevailing for modern high-speed freight 
locomotives, averaging 70 in., and high-speed passenger 
locomotives, with 80-in. drivers. The economy in friction, 
estimated at 12 to 15 per cent, was utilized in increasing 
the diameter of the drivers over that of the modern freight 
locomotive, and developing through the saving in friction 
a drawbar capacity equivalent to the latter. The 73-in. 
wheel was therefore selected. ‘The 4-8-4 wheel arrange- 
ment with four-wheel trailer truck was favored. 


The weight was held within the limits imposed on certain 
American roads, namely, 61,000 Ib per driving axle, but in order 
to compare reasonably with much heavier freight power on other 
roads a duplex steam pressure was utilized in connection with 
the weight transfer between the drivers and trucks, making 
available a weight of 66,000 lb per driver and a steam pressure 
of 250 lb on roads permitting of the heavier axle loads. The 
supporting of the large boiler capable of developing maximum 
power at high speeds favored the adoption of the 4-8-4 wheel 
arrangement with four-wheel trailer truck. 


LOCOMOTIVE SPECIFICATIONS 


The locomotive companies, the motive-power departments of 
the railroad companies, and the specialty companies assisted 
wholeheartedly in the selection of specifications for the locomo- 
tive and made available their enormous funds of information and 
data on locomotive design. The locomotive is a composite of 
specifications of a number of trunk-line railroads and was built 
as large and powerful as the clearance limitations of the principal 
railroads of the United States would permit. Specifications are 
as follows: 


Maximum rated tractive force (boiler pressure, 235 Ib), Ib......- 59,900 
Rated tractive force of booster (boiler pressure, 235 |b), Ib.....-- 12,000 
Tractive force at starting (boiler pressure, DBBilb)y Ibasrenceaaere « 71,900 
Maximum rated tractive force (boiler pressure, 250 lb), lb.....+- 63,700 
Rated tractive force of booster (boiler pressure, 250 lb), lb. 12,800 
Tractive force at starting (boiler pressure, 250 Ib), Ib.....+ 76,500 
Weight on drivers + tractive force (boiler pressure, 235 |b) 4.10 
Weight on drivers + tractive force (boiler pressure, 250 lb) 4.14 
Cylinders, diameter and stroke, in......seeecerereseces : 27 X 30 
Valve gear, Walschaert type; valves, piston type, size, in 12 
Maximum travel, in......... eee rere eee e sete rereaes 81/2 
Steam lap, in...:.c...e eens eecorens l/r 
Bxhaust clearance, in........-seeecr seen cscerereeereseesecess V4 
Theetcd ein, Jy axtsainiale -tole: ose tyieye suetey suey eueyales dre aim Sinus TSMOM Ere eg. tee ste W/4 
Cut-off in full gear, per cent......--seeeee creer tree re eetete 85 
Weights in working order (boiler pressure, 235 lb): 
Oni drivers) Deas to cc sic sintare’e\e sain Misia eve wc eie 8 cymia, a wheleialeiaisiaiel® 246,000 
On trailing truck, front, Ib.......sess cece cer ereeeeereress 48,500 
On trailing truck, rear, ID......eeereerere sete renreserers 55,500 
On frontitruck; Ibicssceiees ccee meow same ne cen newee rs sees 67,500 
Totalengine; 1D ie cacies esses ce nnendoccesceracecsesseees 417,500 
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Weights in working order (boiler pressure, 250 lb): 

Ob drivers; Lbice vecct Soe aod Meptegetcrauale Srtkeur lens ciicrs Simieimnereaan se 
On trailing truck, front, lb... 

On trailing truck, rear, i 
On front truck, lb 
Total engine, lb 
Total tender, 1b. 4... csc sie oie cle See terms aye elton ate io ei trnvellt eiaeuae 
Total engine and tender, Ib....-.----- sees reste eee reeees 


Wheelbases: 
jDyahghy eouno ote pormce So aaa Oo at 
Driving, rigid, fiancee 


Totalienginy Lb cicesafeiucuee eins» onsale om eelehernienceriset tenes 
Total engine and tender, ft......--.s+ sess sees reer erste 899/12 
Wheels, diameter outside tires: 
TPL Vine ALM ee eesaieie ute eae ciel a rssre yoy eaten EOD ee ieerat ae 73 
Trailing truck, front, im......-..+0ss sees r eect ete eens 36 
Trailing truck, rear, IM... .. 12+ seer ete tenn e ees 44 
Birond:traacle, Ames se oiaiesiaeeats oe eheladle ann vera) eoaynrone peee seeyedetese =e 33 
Journals, nominal diameter: 
Driving, masini eee ses een heegesteteners eo trionernsraneis eee aa ees 11/2 
Driving, others, in... 0.6... eee e eee eee eee eens 1141/2 
Trailing truck, front, im......... sees eee eet teeters ene ox Le 
Trailing truck, rear, IM... 6. 6 cece cece tee ee tence neers 9 K 14 
Pironit: truGhs, (asaeets ss <teleqevesevete \Whepel tats] ane aera ign yen gens ie Suniel ene 
Boiler (extended wagon-top type): 
Steam pressure (weight on drivers, 246,000 lb), lb.......--- 235 
Steam pressure (weight on drivers, 264,000 lb), Ib.......55+ 250 
Diameter, first ring, inside, in... .. 6... s eset eee eee eens 841/4 
Tubes, 66 in number, diameter, meen Ohnthe: cis fh ctere 3 fret 21/4 
Flues, 194 in number, diameter, in......- ++ +ssssesseeerees B'/2 
Length over tube sheets, ft.....--.. ++ se eese seers eters 2111/9 
Grate area: 80 ftinc-iuie selects +o mm savings viedrrelelae mm nneles eigioe 88.3 
Heating surfaces: 
Firebox and combustion chamber, sq ft..+----++++eeesesees 360 
Aych tubes; SQ. fbe sey «ecu: 0 cele ras: din geavesane® vggne wapumncl sine heas 18 
Thermic siphons, 8q ft........ sere e etree ete cere e ences 105 
Mubes and’ flies Sqittae ss stein vets teatueyeie imate) stale enrages 4637 
Total evaporation, 8q ft...-.- ++ cere este tet ences e nee 5120 
Superheating, 84 ft... 2 sees c eee teen eter eee c teens 2157 
Combined evaporation and superheating, 84 £4 Gini igen as 7277 
Tender: 
Water capacity, gal...... cee ee eect eee e eee nett e ee 14,200 
Fuel capacity, t0O08......0..2ceen recess snc ese tae tennnne 21 
Wheels, diameter, in... - 2... sere cesses sneer nstn ae eene 33 
Journals, normal diameter and Iepatead gutta dy muerodea ur oscn ean iex<old 
Weight proportions (boiler pressure, 235 lb): 
Weight on drivers + total engine weight per cent......-.-++ 59 
Weight on drivers + tractive force.......++-+sssseeteeres 4.10 
Total weight engine + comb. heating BULLACC sas xls atviste ere ta 57.4 
Boiler proportions (boiler pressure, 2365 lb): 
Tractive force + comb. heating surface.......+-+++ssese0+ 8.24 
Tractive force X diam. drivers + comb. heating surface.... 602 
Firebox heating surface + grate area...-..--ssseesreeeree 5.47 
Firebox heating surface per cent of evap. heating surface... . 9.44 
Combined heating surface + grate area.....-++ essere eens 82.4 
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Weight proportions (boiler pressure, 250 Ib): 


Weight on drivers + total engine weight per CONG cneavens 68.4 

Weight on drivers + tractive foroe,.. 6. cece rages eres eeeees 4.14 
Boiler proportions: P 

Tractive force + comb, heating surface..... se. cerns eee ees 8.77 


Tractive force X diam, drivers + comb, heating surface.... 630 


RoviBR-BHaring APPLICATIONS 


The driver application was made without adjustable mecha- 
nism. Hardened steel trunnion guides are mounted on the 
bearing housings centrally pivoted to permit of the housing 
following track irregularities while maintaining full surface con- 
tact with the hardened steel liners on locomotive frame, 

The forces due to piston thrust, therefore, are transmitted and 
absorbed in a complete train of moving parts composed of 
hardened steel. ‘These comprise the pedestal liner, trunnion 
guide, hardened wear plates on the bearing housing, and the 
inner and outer races of the bearing, together with the rolls. 
The mounting construction is shown in greater detail on the 
elevations and cross-sections of the locomotive (Higs. 1 and 2). 
The accessibility of the bearings for inspection at major shopping 
periods is illustrated by a view of the axle assembly (Hig. 8). 

The complete housing of the driver axles and the use of bear- 
ings restraining the axle on a complete circle of 860 deg eliminate 
pounding while under steam and while coasting, and, together 
with careful proportioning of reciprocating parts, permit of 
operation of 73-in. drivers at speeds of 85 mph. 

The engine truck follows in general the construction of the 
driver. It utilizes the integral split housing, the trunnion guides, 
and one bearing for each wheel. ‘The trailer trucks are de- 
signed for direct replacement of plain bearings, making no change 
in trucks, pedestals, or springs. The trailer is an outboard 
application and requires the double-bearing construction, ‘The 
tender truck is likewise designed for direct replacement, using 
tender trucks, pedestals, equalizers, and springs designed for 
A.R.A. plain bearings. 

The booster was applied on the locomotive to increase the 
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acceleration, to increase the starting power and utilize the full 
boiler capacity in starting, and to handle heavy trains without 
helpers over ruling grades, especially where stops must be made on 
these grades. The booster has been found especially valuable in 
handling heavy passenger trains in mountainous territory with- 
out helper service. The booster is equipped on the crankshaft 
with two double bearings, and the idler gear is equipped with the 
Timken quad bearing. The application of roller bearings to the 
booster permits of its operation at higher speeds, and experience 
has confirmed the practise of dropping in the booster on adverse 
grades at speeds of 22 mph, holding approximately this speed 
over the top. The booster bearings have been examined periodi- 
cally when trailer wheels were removed for attention to tires and 
have been found in perfect condition. 

The lateral motion of Alco design and construction is applied 
on No. 1 driver. The lateral motion involves no change in 
bearing housing, but the trunnion guide is provided with 1'/:-in. 
total lateral freedom, with respect to the pedestal liner, whereas 
the lateral freedom on drivers 2, 3, and 4 is '/4 to °/js in. ‘The 
lateral motion device on the front driver permits of free operation 
over 20-deg curves and limits the rigid wheelbase to 12 ft 10 in, 
It is of interest to note that the lateral freedom on all drivers after 
two years’ operation measures the same (within 0.0020 to 0.0037 
in.) as when the locomotive left the shop. This is an indication 
that the desired lateral freedom in drivers having been ascer- 
tained, this freedom can be built into roller-bearing housing con- 
struction with the expectation that it will not be subject to 
change over a period of years of service. 

Crosshead guides and valve link operate in open atmosphere 
and are subject to the lapping action of dust and grit. An effort 
was made to reduce the wear of these parts by making the cross- 
head guides and the valve links of Timken bearing steel. This 
steel has a tough core with approximately 6 per cent alloy and is 
cased approximately '/, in. deep to eutectoid to develop a sur- 
face material of exceptional wear-resistant characteristics. ‘The 
crosshead slipper is lined with tin, as this permits atmospheric 
dust to imbed in the soft tin and avoid cutting the crosshead 
guide, and in addition the guide is of sufficiently hard material 
so that atmospheric dust and grit, composed largely of silica, 
does not wear and abrade the guide. The experience of two 
years indicates the soundness of this selection of materials, as 
the crosshead guides show very little evidence of wear and have 
taken on an exceedingly high polish of great hardness. 

The link and link block of the same material and treatment 
have about 0.010 in. looseness after two years and have not re- 
ceived any attention and do not now require any. It is of 
interest to note that the crosshead slipper operates at a tem- 
perature of 20 to 30 deg above atmosphere. 

The side-rod bearings are of the floating bushing type. The 
main and main side-rod floating bushings are of the conventional 
type. Pins 1, 3, and 4 have hardened bearing-steel bushings 
pressed in the rods. These bushings have a spherical bore of a 
radius approximately equal to the distance between wheels. A 
floating bronze bushing operates between the pins and the 
fixed steel bushing and has parallel bore and o.d. crowned ap- 
proximately the same as the spherical bore of the steel bushings. 
This results in an equal distribution of wear on the pins and may 
have assisted in prolonging the life of the pin bearings. 

Reciprocating parts were given special thought and were 
reduced in weight in accordance with the best American prac- 
tise. The specifications given the builder, the American Locomo- 
tive Company, was a speed of 85 mph with a dynamic augment 
not exceeding 10,000 lb. This is 12 miles in excess of diameter 
speed and was made available by the use of low-carbon-nickel 
steel, as per specifications of the International Nickel Company 
in the main rod, side rods and pins, and the use of the hollow 
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piston-rod, heat-treated steel castings for crossheads, of composi- 
tion developed by Union Steel Castings Company. The total 
reduction in reciprocating parts per side under conventional 
practise of locomotives of similar capacity is 460 lb. 

The balancing system is of the cross-balance type, involving 
distribution of approximately one-half the overbalance on the 
main drivers and the other half of the overbalance distributed on 
pins 1, 8, and 4. 

The detailed attention given to reciprocating parts and balanc- 
ing system, together with the complete housing of the axles of the 
roller bearings, has produced a locomotive of exceptionally 
smooth operating characteristics. ‘The operation in the 70's is 
exceptionally smooth, and vibration is not excessive at 85 mph. 


Kia. 3 


Driver Mountine Tapper Bwoarinas AND Lowwr Har 
Housine In Posrri10N 
(Far view of assembled housing.) 


Lubrication of the drivers and of truck wheels is accomplished 
by immersing the bearings in a bath of oil. The oil level is ap- 
proximately */, in. below the enclosure level, permitting the 
rolls to dip into lubricant at each revolution, The straight-line 
elements of the taper roller bearing permit of close running clear- 
ances between the axle sleeves and the enclosure. These close 
clearances fill up with heavy ends of the lubricant and form an 
effective seal. The lubricant has been changed but three times 
in two years’ operation, and the added lubricant between changes 
has been slight. 


Ro.iipr-Brarina InrLuwNCH ON Locomotrivn DusiaNn 


The introduction of the roller bearing modifies in a number 
of ways the characteristics of the locomotive, which can be 
briefly enumerated. 

Thrust plates are eliminated entirely. ‘The thrust reactions 
due to curvature or flange thrust from any cause are taken on the 
roller-bearing surfaces of the tapered bearings, and no provision 
need be made anywhere in the locomotive for thrust plates. 
Maintenance due to the presence of thrust plates is eliminated 
entirely. 

The engine-truck wheels do not require the large hub surface 
on the inside, and wheels of symmetrical design, having hub 
diameters the same on both sides of the web similar to those 
used in tender service, provide the best construction for roller, 
bearing engine trucks. This method provides a stronger wheel 
inasmuch as the heat treatment is more uniform, the cost. is 
reduced, and likewise the unsprung weight. The four years’ 
experience with the engine-truck wheels indicates an increase 
in life. The life of the wheel is limited by tread wear only. 
The heat rise of the bearings is about 15 deg, and consequently 
checking of the thrust surfaces of plain bearings is entirely elimi- 
nated. A number of engine trucks have operated in excess of 
400,000 miles without wheel replacements. 

Axles can be selected for stress and deflection only; no provi- 
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TABLE 1 STARTING HEPORT Oat 72,000 POUNDS FROM ERIE 
Drawbar . 
Test Mile dyn. car Grade Actual Factor Tonin 
No. post roll correction effort adhesion train 
134-A.....- 167 80,640 +6072 86,812 3.72 2348 
MELE Babe 64 75,000 —2508 72,492 4.46 2603 
135-De eee: 255 77,200 —1650 75,550 4,27 2137 
136-A..... 206 82,520 +5428 87,948 3.68 2697 
MBYEsee nan 201.75 76,100 — 264 75,836 4,26 2107 
ge en 238.2 71,500 +4554 76,054 4.25 Ae 
TS 2 = Ares. 284 73,200 + 990 74,190 4.35 3 
W32=A....cai0s 239.1 72,500 +3432 75,732 4.27 ahres 
W294 Gos 164.75 PeuAN  Caatdos 72,500 4.45 2602 
Nore: Total weight on driver plus weight on rear booster axle = 264,000 


+ 59,000 = 323,000 lb. 
starting effort. 


sion need be made for wear. 


Factor of adhesion equals total weight divided by 
Booster used in all of the starting efforts. 


The temperature rise varies from 


15 deg at the front end of the engine to 40 or 50 deg under the 


tender. 


creased diameter to provide for wear. 


82520 +5476= 


No provision need be made in the axle as regards in- 


Use of the roller bearing 
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Fig. 4 TrumKen Locomotive, STARTING DRAWBAR PULL, 
Curve 1 
(Brie test 136-A, Kent to Meadville east.) 


will permit of the axle to be made of alloy steel with treatment to 
develop the superior physical properties of alloy steel, the reason 
being that the axles are not subject to heat checks due to daily 
cycles of high temperature and ultimate cooling. The axles 
on the Timken engine are composed of carbon-vanadium normal- 


ized steel. 


The driver axles were of uniform diameter, 111/2 


in. This reduced the diameter of the main from 1 to 11/, in. 
under corresponding plain-bearing original equipment. 
The bearing housings are provided with separate oil pockets 


for each bearing on the engine truck and drivers. 


This avoids 


the flow of lubricant from one side to the other on tracks of high 


super-elevation. 

The reduction in vibration 
following the use of roller bear- 
ings indicates a reduced main- 
tenance expense on account of 
the noticeable absence of loose 
bolts and loosened clamps and 
broken pipe connections, these 
features being frequently com- 
mented upon by railroad men 
servicing the locomotive. 

The factor of adhesion is 
modifiedin certain respects with 
the introduction of the roller 
bearing on drivers. “A higher 
percentage of the piston thrust 
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is communicated to the drivers at point of contact with the rail, 
and consequently the power “input” to the locomotive for 
given “drawbar pull” is reduced. A saving in friction can be 
conservatively estimated at 12 per cent. The reductions follow- 
ing this modification would be that the adhesion factor should 
be slightly higher if the locomotive was not modified in any other 
respect, and on the other hand, the experience to date would 
indicate that the cylinder capacity could be reduced in accordance 
with the saving in friction. Probably the best compromise would 
be to split the saving in power and put one-half of it in reduced 
cylinder capacity and the other half in reduced factor of adhe- 
sion. The adhesion factor of the Timken locomotive is 4.14. 
This gives uniformly good service, but comment has been made 
of slipperiness under bad rail conditions. 

The subject has been carefully studied, and the opinions of ex- 
perts on the subject have been sought. The opinion of one 
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Fic. 5 TimKen Locomotive, STARTING DRAWBAR PULL, 
CuRVE 2 
(Erie test 134-A, Marion to Kent east.) 


locomotive expert was that locomotives have always slipped and 
always will slip under certain conditions, even though the factor 
be made 100 to1. The fact that the roller-bearing engine is new 
has made it a target for criticism on any point that is even 
slightly different from conventional practise, and if a slip would 
occur it would be blamed on the roller bearings even though 
plain-bearing engines had slipped over identical track for one- 
hundred years under certain atmospheric conditions. On an 
observation on one railroad over a distance of more than 450 
miles, with full tonnage train, there was noted only a slip of half a 
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(Erie test 133-B, Kent to Marion west.) 
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dozen revolutions on poorly maintained curved track at the 
ladder of a yard. 

The starting characteristics of the locomotive on roller bearings 
is materially changed. The Timken engine has anormal starting 
drawbar pull of 63,700 lb, based on conventional formula. It 
has been frequently observed 
to develop starting power of wo OS; “¢ 
68,000 to 69,000 lb. Table 1 
from Erie tests gives the data - 6 
on a number of starts in excess Sy 
of 72,000 lb with booster; some Ge) 
of these starts are in excess of 7 
80,000 lb, the maximum being . > 
87,998 lb. Two starts, curve 93 92. 

1 (Fig. 4) and curve 2 (Fig. 5), wy 
on Erie test at m.p. 206 and ey 
m.p. 267 indicate speed, grade, 

and test conditions and illus- “> 
trate the high momentary surge 
at starting. The sustained 
power in starting is over 80,000 
Ib and illustrates also the effect 
of drawbar pull at the point 
of cutting off the booster. The 
added starting power contrib- 
uted by the roller bearing is 
of particular value and adds 
to the capacity of the loco- 
motive in handling heavy 
trains. 

The free coasting is another 
of the outstanding features of 
the roller-bearing locomotive. 
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Pennsylvania in New York—Chicago service, the mail trains on 
the same road in New York-St. Louis service, the ‘‘Sportsman”’ 
on the Chesapeake & Ohio, the “Erie Limited” the ‘Merchants 
Limited” on the New Haven, 109 runs on the Lackawanna in 
passenger service between Scranton, Pa., and Hoboken, Nie 
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Free coasting is of particular 
value in eliminating surges in 
passenger trains when the 
throttle is closed. The coast- 
ing characteristics of the en- 
gine are about equivalent to 
the free running of the train, 
and closing the throttle does not 
result in the bunching of the 
train on the engine and the 
consequent taking up of slack 
when the throttle is opened. 
The freedom from train surging with the roller-bearing locomotive 
has been frequently commented upon in passenger service. The 
curve 3 (Fig. 6) illustrates a drifting test on the Erie. The loco- 
motive in drifting on a 21-ft grade at a speed of 33 mph developed 
a drawbar pull of 2900 Ib on the dynamometer car. The pull 
of the locomotive on the train continued on an ascending grade 
of 10.6 ft to the mile, with a gradual decrease in train speed from 
37 to 29 mph, at which point the throttle was opened. The train 
had 6 loads and 68 empties, a total of 2128 tons. The reduction 
in wear and tear of couplers and draft equipment on account 
of the continuous stretching of either freight or passenger trains 
is a valuable feature of the roller-bearing locomotive. 


9e. 


PERFORMANCE RECORD 


The performance record has been ably presented in the trade 
publications. The locomotive performed with equal efficiency 
in passenger and freight service, and of the 119,586 miles, 51,655 
miles were in freight service (43 per cent) and 67,931 miles were in 
passenger service (57 per cent). 

Passenger service includes operation on some of the fastest 
American trains, among which are the 20-hour mail trains on the 
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(Pulling 18 passenger cars, of which 13 were Pullmans; total 1260 tons; passenger train No. 17, over critical 
Ozark Mountain grade between Ironton and Tiptop on run between St. Louis and Poplar Bluff, over 


Missouri Pacific Railroad.) 


the ‘Lehigh Limited,” the “Sunshine Special’ on the Missouri 
Pacific, the “Aristocrat” and “Overland Limited” on the Chicago, 
Burlington & Quincy between Lincoln, Neb., and Denver, Colo., 
and four months of hauling the “North Coast Limited” on the 
906-mile run over three ranges of the Rocky Mountains between 
Missoula, Mont., and Jamestown, N. D. 

The locomotive has handled all varieties of freight service, 
the heaviest being a 9960-ton coal train on the Chesapeake & 
Ohio. The outstanding freight service is the handling of heavy 
fast-freight trains at high speed on the New York Central, 
Pennsylvania, Erie, Boston & Maine, Lehigh Valley, Nickel 
Plate, Missouri Pacific, Chicago, Burlington & Quincy, and 
Northern Pacific. 


OutTsTANDING Runs 


A non-stop run, Altoona to Enola on the Pennsylvania, 124 
miles, with 115 cars weighing 8625 tons, was at an average speed 
of 25.7 and evaporated 8.33 lb of water per pound of coal. This 
trip was at a work rate of 221,427 gtm per train-hour, exclusive of 
locomotive. 

A merchandise train was hauled between Crestline and Ft. 
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Wayne, on the Pennsylvania, consisting of 102 cars of 3986 tons, 
a distance of 131 miles, at a rate of 41.5 mph, at an evaporative 
rate of 8.2 and work rate of 165,457 gtm per train-hour. 

Twelve passenger-equipment cars were handled unassisted on 
the east slope of the Alleghanies over a uniform mountain grade of 
1.9 per cent, compensated. 

Pennsylvania train No. 52, “New Yorker,’’ Chicago to Crest- 
line, made the 280 miles in 274 min running time. 

The heaviest train hauled was on the Chesapeake & Ohio and 
comprised 134 coal cars, weighing with locomotive 10,219 tons. 
The run was made at the rate of 212,000 gtm per train hour. 

The “Erie Limited’? was handled between Hornell, N. Y., and 
Salamanca, N. Y., making up 25 minutes in a distance of 82 miles 
at an average speed of 59 mph. 

The assignment on the Boston & Maine, a total of 35 runs being 
made, involved operation at temperatures of 20 deg below zero. 
An outstanding run was a train of 86 cars, 2040 tons, hauled 112 
miles at a rate of 33.7 mph in sub-zero weather. 

The passenger service on the Lackawanna was outstanding, 
involving 109 runs between Scranton, Pa., and Hoboken, N. J. 
This includes the Pocono mountain grade and long grades over the 
hills of northern New Jersey. A Lackawanna run working the 
engine to the limit was train No. 12, March 11, 1931, 11 cars, 
which left Scranton 56 min late, was detained 13 min at Strouds- 
burg, and made up the 69 min lost time in 112 miles running. 
The run over the division was made with 9 tons of coal. Speeds 
of 78 mph were attained on ascending 0.4 per cent grades. 

The average speed of 54.8 mph in passenger service on the 
Lehigh Valley is outstanding. This involves running for long 
distances at speeds in excess of 70 mph. 

On a Lehigh Valley freight run, Manchester to Sayre, 2410 
tons, 67 cars, 89 miles were made in 1 hour and 52 min. 

An interesting passenger run, which was repeated twice, was 
that of hauling of 18 passenger-equipment cars, including 13 
Pullmans, over the Ozark Mountain grades on the Missouri 


Pacific between St. Louis and Poplar Bluff. These runs en- 
countered maximum grades of 2.1, and the practise followed was 
to approach the grades at speeds of 50 mph, and as the speed fell 
the booster was dropped in at 22 mph, and in the three runs the 
train was handled over Tip Top grade at speeds of 15, 17, and 19 
mph. These trains average 1260 to 1290 tons, and indicate with 
booster a tractive capacity approximating 80,000 lb. The chart 
(Fig. 7) shows the profile and speed which this train made, as 
taken from the valve pilot record. 

An outstanding passenger-service record was on the Northern 
Pacific, where the ‘‘North Coast Limited’? was hauled between 
Jamestown, N. D., and Missoula, Mont., a distance of 906 miles, 
which includes three Rocky Mountain ranges with grades of 2.2 
and several grades of the Black Hills between Glendive, Mont., 
and Mandan, N. D. There were 19 trips made on this run, 
which developed and showed the adaptability of the roller- 
bearing equipment for long continuous service. 


OPERATING TEMPERATURES 


The normal temperature rise of the bearings varies from 15- 
deg rise on the engine truck to 40-deg to 50-deg rise on the tender, 
the interesting feature being that the temperature rise of the 
drivers is only 15 to 20 deg above atmosphere. The normal con- 
dition of bearing housings in zero weather is with frost adhering 
to the bearing housings and the end of the axles. The photo- 
graph (Fig. 8) illustrates the condition of frost adhering to the 
engine truck and the driver axles and to trailer and tender 
boxes. 


MAINTENANCE 


The maintenance work consists of the normal engine-house 
attention, including replacement of rod bearings, brake shoes, ete. 
The entire demonstration of two years’ time, 120,000 miles, over 
every condition of topography and temperature, with mid-winter 
assignments on the Boston & Maine and Northern Pacific and 


Fia. 8 Enotne Truck, Driver, AND TRAILER AT COMPLETION OF 900-MiLtr RuN 


(A, engine truck; 


B, driver; C, trailer.) 
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(In perfect condition at 119,600 miles, or two years’ work.) 
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Fie. 9 
A looseness developed on the main driver on the Bur 


mid-summer on the Missouri Pacific, was made without develop- 


ment of roller-bearing troubles on any of the wheels. 


addi- 
g of the 


sing on each wheel center an 
f the bearings. 


The looseness was due to seatin 
this has been corrected on subsequent 
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loose. 


Bushing was thought tight on o.d.; was rebored and then found 
Not enough lateral. 


Rods were out of tram. 


(1) 
(2) 
(3) 
(4) 
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d changed from floating to three-piece bushing 


Changed from solid to three-piece floating bushing with crown. 


Diameter wear. 
Diameter wear an 


(5A) 


with crown. 
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d changed from floating to three-piece bushing 


, but replaced; removed at 64,653 
as it was damaged when 
963 miles; did not have sufficient stock 


fter right main crankpin broke. 
loose; new steel and brass bushings were ap- 


) we) 
we 3 
:aca 3 
O:5'a 3S 
ads } 
oO 23.2 3 
i Bil ay om 
» ep ° 
2 © WE 2 
2 aia he A 
‘3 = 
3 Sao g4 2 = 
a 80 Ee wai 8 
B= | BytICh 2B © & 
rope] aga ae 
aan wa = Anroe & ay GS) 
a og wy a ae} ® 
oee aaae ag .o eb 
5 :a B-4 Wag al dase s 
Sdagg gas2eceeace & 
pr oe 
Eee gabe Bee ade e 
we OOo oO Sod 5 Honan n 
Sof ss boa D Swern oS. wD 
ea = |e) Q ao 8 
Od Fan OS Bus Sn Sa sdal Za 
SHPO on Soaks s ogg esas 
aPORRAS SSE GEO SSS SAS 
iS 2 
A paeh ADORE AAA nm A 
“-_ o> “-_ 
mM ~-4 AAs Ree oS 
6 GRR DACHH ANY © CO 
YS GSewev er rt Sonian tan) Sn J rm 
een el ~ ~~ 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


30 
TABLE 4 SUMMARY OF ALL RUNS IN PASSENGER SERVICE 
New York, Delaware, } : Chicago, Totals 
Chesapeake New Haven Lackawanna Lehigh Missouri Burlington Northern and . 
Pennsylvania & Ohio Erie & Hartford & Western Valley Pacific & Quincy Pacific averages 
Number of runs..--+++++++ 23 20 28 2 09 il 14 52 262 
ning speed, mph 45.89 38.73 41.56 48.01 39.39 54.83 41.88 45.16 43.6 42.5 
OS Oa Sieg eames, yt: 339 105 180 38.9 258.1 253 323 518 267 
Locomotive-miles } Total... 7,871 7,128 3,058. 360 15,140 3,017 3,448 970 26,933 67,931 
Bde Trip.... 341 343 98.5 180 136.7 253.5 243 322 516 250.9 
Train miles Total.. 7,846 6,872 2,760 360 14,901 2,788.6 3,403.5 967 26,815 66,713 
Trip... 1245 3.8 9.8 14 1 5 14.5 13.3 10.7 
Number of Cars} Total... 289 177 275 28 1,121 127 204 40 520 2,781 
Coal, t Trip... 16 14 5.7 7.5 12.7 15.7 20.5 30.7 15.67 
ee Total... 370 283.5 160.5 15 95 39.5 219.25 61.5 1,901.9 41,037 
Wat 1 Trip.... 31,651 26,891 11,218 15,550 13,500.6 22,707 24,180 31,100 49,088 24,109 
EMME Total.... 727,993 537,830 314,120 31,100 1,471,567 249,776 338,515 93,300 2,552,576 6,316,377 
Cc ‘ Trip.... 4,119 2,890 997 2,198 1,384.8 2,887 3,328 4,135 ‘ 
at Total... 94,744 57,795 27,934 4,396 150,945 31,757 46,586 12,405 260,169 686,731 
Average lb coal per car-mile.. 7.77 9.68 11.43 6.82 12.57 8.78 9.41 9.91 14.62 1129 
Haninelive ty (Lepe 7.43 8.88 aa 3.20 3.47 4.63 5.71 7.13 9.89 5.98 
MDB S Glee UM Rotale em l Oo 177.62 66.55 6.40 379.18 51.00 79.91 21.39 614.6 1567.57 
Pea neare Trip.... 8.61 9.57 ae 3.56 3.78 mee 6.42 8.45 13.86 6.28 
2 Total... 198.10 191.53 Nees: oe 412.59 ear 89.95 25.37 720.83 1645.5 
Average lb water per lb coal 8.24 8.00 8.20 8.63 6.46 7.46 6.43 6.32 5.59 


Bearina Lire HxXpECTANCY 


The trailer and tender bearings have been examined from time 
to time when servicing wheels. A few hairlines have developed 
on one roll of the trailer bearing and which has continued without 
change for six months. It does not require replacement or re- 
newal. 

The driver bearings were removed and minutely examined at 
the conclusion of the demonstration period. The cups (outer 
races) and rolls showed no evidence whatever of wear. The 
driver cones (inner races) showed very slight wear, visible only 
under a microscope. As a matter of experiment the removal of 
0.0005 in. of metal in regrinding removed the microscopic evi- 


5000 


that the wheel bearings, with the exception of driver *cones, 
should have a normal life expectancy of 1,000,000 miles, the 
driver cones having a life expectancy of one-half that figure. 
This presumption is further borne out by the study of the condi- 
tion of the engine-truck bearings after 400,000 miles’ service, 
which show no appreciable evidence of wear, and is supplemented 
further by the study of the original roller-bearing applications on 
the Milwaukee Road, many of which have now crossed 1,000,000 
miles, and which have been studied in detail over the past seven 
years. 

An axle assembly of engine-truck bearings removed from a 
Michigan Central engine, having run 303,756 miles, is illustrated 
in Fig. 9. The disassembly was 
made on account of wheel 
change and developed the per- 
fect condition of the bearings 
after two complete shopping 
periods, approximating 153,000 
miles each. These bearings did 


4000 


not show sufficient wear to indi- 
cate any reasonable percentage 
of life expectancy, having been 
given up in service. A number 


of engine-truck bearings have 


3000 


been examined with similar re- 
sults at mileages between 400,000 
to 500,000. 

The rod-bearing life is appar- 
ently increased while operating 


2000 


Drawbar Horsepower 


x C&0 Dynamometer Car Test 
° Erie Dynamometer Car Test shows the replacement of rod 


© Lehigh Valley Dynamometer Car Test bearings. A number of the bush- 


F on roller-bearing drivers, as is 
evidenced by Table 2, which 


ings on each of the main-rod and 


1000 


500}- 


0) 10 20 30 
Speed in Miles per Hour 


Fie. 10 Timken Locomotives DrawBar HorsmpowemR, Curve 4 


dences of wear. The cones have been returned to service without 
other modifications (some of the cones were not touched) to study 
further the development of wear. The indications from the study 
of the bearings at the conclusion of the demonstration period, 
visualized against the accumulative available information on 
service of roller bearings in all kinds of industries, would indicate 


side-rod applications have op- 
erated in excess of 60,000 miles, 
which is about double the aver- 
age life expectancy of these bear- 
ings. The probability is that 


AO 50 60 rod bearing life is increased on 


account of the greater accuracy 
of alignment of driver axles in 
the roller bearings. 

The availability is definitely increased by the roller bearings. 
The operation for two years in a wide variety of services without 
any bearing trouble whatever, and which for long periods of 
time involved the dispatchment of four divisional trips each 24 
hours, is an indication that the use of the roller bearing increases 
the availability of the locomotive by 50 per cent. 


RAILROADS 


Fur, Economy 


The record of fuel and water consumption is indicated in the 
summaries of freight runs (Table 3) and passenger runs (Table 4). 
The lowest average was on the Chesapeake & Ohio, of 38.3 lb 
of coal per 1000 gtm, but individual runs on this road were as 


low as 26 lb of coal per 1000 gtm. 
7000 
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of the tender, particularly in view of the high steaming capacity 
of the boiler. The survey of American roads indicated the pres- 
ence of a number of 90-ft turntables at critical points, over which 
it was desired to operate the locomotive, which by limiting the 
overall wheelbase to slightly less than 90 ft, placed decided limita- 


Favorable loads and favorable grades favor 
low coal consumption. A fair average is that 
of 53.6 and 55.5 lb of coal per 1000 gtm on 
the New York Central and the Pennsylvania, 
which average covers a wide variety of ser- 


vice over typical trunk-line roads. A ten- 6000 


dency is noted for fuel consumption to increase 
on the Western roads. Much of this is due 
to the lower fuel value of the coals available 
to the Western roads, this being particularly 
true of the Montana coals and some of the 
coals available on the Burlington and the 
Missouri Pacific. The coal consumption on 
the Erie of 91.6 is on account of operating in 
the rolling country between Meadville, Pa., 
and Marion, Ohio, against frequent ruling 
grades of 1 per cent. 

An exact comparison with comparable loco- 
motives in identical service was not made 
available during the demonstration, but the 
study of such records as are available would 
indicate that the roller-bearing locomotive op- 
erated at rates of 10 to 30 lb per 1000 gtm 
below that of the plain-bearing locomotives. 
The fuel consumption is in general one-half 
of that published by the Interstate Commerce 
Commission, which, however, is not strictly 


5000 


Tractive Effort in 10 Lb 


3000 


Horse power 


2000 


Mechanical Effictenc 2y 


90 


g 
Mechanical Efficiency in Per Cent 


comparable on account of the latter records 
including all service and all power. 

The locomotive was, in general, operated 
at full capacity and frequently ran for long 
distances at cut-offs longer than 60 per cent. 
This was made possible on account of the 
free-steaming characteristics of the Timken 
locomotive boiler and which encouraged road 
foremen and enginemen to work the locomo- 
tive at full capacity. The fuel consumption 
could have been greatly improved provided 
effort had been made to operate the cut-offs 
not in excess of 50 per cent, with the particu- 
lar object in view of fuel economy records. 
The attitude of the owners of the locomo- 
tive, however, was to encourage the railroad people to work the 
locomotive to the limit so as to develop the capabilities of roller 
bearings, and therefore the only efforts at fuel economy were 
voluntary on the part of engine crews and road foremen. 

In consideration of the wide variety of services encountered and 
generally with strange crews, totaling approximately 840, un- 
familiar with the locomotive, and the prevailing attitude ofattempt- 
ing to work the new machine to the limit, taken all together the 
performance record of fuel and water is truly remarkable and is 
an indication of the economy records possible with completely 
equipped roller-bearing locomotives, where economy in fuel 
rather than demonstration of bearings is the prime object of the 
test. 

The tender is built on a General Steel Casting tender bed and 
has a capacity of 21 tons of coal and 14,000 gal of water. It is 
equipped with a cupola for the accommodation of the owners’ 
observer. The operation of the locomotive and the fuel per- 
formance have been modified adversely by the water capacity 
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« Indicated Horsepower Ik 
* Drawbar Horsepower 
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Fic. 11 Powsr ParrorMaNcs, TIMKEN Locomotivs, Luniax Test, Curve 5 


tions on tender capacity. The performance of the locomotive as 
regards increased average speed and fuel economy would have 
been materially improved had the tender capacity for water 
been increased to 21,000 gal. 


MacuHanical EFFICIENCY 


Dynamometer-car tests were made on the Chesapeake & Ohio, 
Erie, Lehigh Valley, Nickel Plate, and Northern Pacific. A 
number of readings of the Chesapeake & Ohio, Erie, and Lehigh 
Valley tests have been plotted. In addition to the dynamometer- 
car record, a limited number of indicator-card tests were avail- 
able—the Lehigh Valley from both cylinders and the Northern 
Pacific on one side. 

The drawbar horsepower readings, taken from the Chesapeake 
& Ohio, Erie, and Lehigh Valley tests, with the locomotive work- 
ing to capacity or nearly so, are indicated on curve 4, Fig. 10. 
High readings were available on the Erie on account of the fre- 
quent 1 per cent grades with tonnage trains. The C. & O. read- 


32 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ings were made with heavy coal trains on a water-level division. 
The Lehigh Valley tests were made on the Seneca division over 
rolling country. The outstanding feature of this diagram is the 


Economic VALUE OF ROLLER BEARINGS 
The value of the roller bearing in locomotive construction is 
reflected in a number of ways. Some of these advantages can be 
evaluated, and while others are 


present and recognized, the defi- 


100 
nition of value is more difficult 
s to determine. The advantages 
90 are as follows: 
1 Reduction in maintenance 
2 Reduction in consumption 
Bo of lubricants 
3 Reduction in consumption 
Stationary Plant Test Stationary Plant Test of fuel 
70 2-10-0 Type B0zx32" 4-6-2 Type 27x 26 : ara } 
Plain Bearing Locormotive Plain Bearing Locomotive 4 Reduction in consumption 
of water 


5 Increased development of 


: | 


e Lehigh Test | 
x Northern Pacitre Test 


Mechanical Efficiency in Per Cent 


power, a conservative fig- 
ure being 10 per cent 
6 Increased availability, 


50 about 50 per cent. 
These advantages are subject 
i | el to evaluation and can be capi- 
ahs 10 20 30 40 50 talized; and in addition the fol- 


Speed in Miles per Hour 
Fie. 12 


development of 4000 drawbar horsepower at speeds in excess of 
36 mph under favorable train and grade conditions. 

The power performance showing mechanical efficiency is in- 
dicated on curve 5, Fig. 11. This is compiled from readings of 
the Lehigh Valley and the Northern Pacific. The mechanical 
efficiency varies from 90 to 96 per cent, although a reading is 
available at 97!/2 per cent. The high efficiency, as indicated on 
the tests, is confirmed by the low temperature rise of the wheel 
bearings, particularly the driver bearings, this average being 15 
to 20 deg above atmosphere. 

The mechanical efficiency of roller-bearing and plain-bearing 
locomotives is shown on curve 6, Fig. 12. The roller-bearing 
curve is transferred from curve 5, Fig. 11. The plain-bearing 
curve is taken from the stationary plant test of a 2-10-0 freight 
locomotive for the lower speed range and a 4-6-2 passenger loco- 
motive for the higher speed range. The stationary plant 
readings for the plain-bearing locomotive omits the effect of 
windage and track resistance. Strictly comparable tests would 
tend to increase the spread between the roller-bearing and plain- 
bearing curves. 

The increased capacity of the roller bearings, as applied to the 
locomotive, is indicated on curve 7, Fig. 13, which is combined 
from curves 5 and 6 and is plotted to show the increased locomo- 
tive performance resulting from the roller bearing. This in- 
creased capacity for work varies from 10 to 13 per cent, averaging 
12 per cent. A conservative assumption is that the roller- 
bearing locomotive can be reduced in size 10 per cent to perform 
equally with plain-bearing locomotives, or, conversely, locomo- 
tives identical with a roller-bearing locomotive could be ex- 
pected to produce an increase of 10 to 12 per cent with roller 
bearings. 

The service performance record confirms the test data in that 
the roller-bearing locomotive consistently exceeded the perform- 
ance of similar-sized plain-bearing locomotives with identical 
cylinders and pressure and equaled, and at times exceeded, the 
performance of engines having 1 in. to 1!/2 in. increased cylinder 
diameter. The plain-bearing cylinder capacity in some cases 
was 20 per cent in excess of the Timken engine 1111. 


Timken Locomotive DyYNAMOMETER Car Trust, Curve 6 
(Plotted points indicate efficiency from Lehigh and Northern Pacific test.) 


lowing conditions are present, 
but are more difficult to evalu- 
ate: 

1 Increased permissible speed 
2 Engine-house force reduction 
3 Elimination of axle failure due to heat checks 
4 Reduction in rod maintenance 
20 


Per Cent Increase 


0 
5000 


4000 


3000 


Horse power 


2000 


Draw bar 


1000 


Speed in Miles per Hour 


Fic. 13 Drawspar HorsprownRr, RoLLER-BEARING AND 
PLAIN-BHARING Locomotivn, CurvE 7 


(Based on mechanical efficiency, for roller-bearing locomotive, Lehigh test, 
and plain-bearing stationary test.) 
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RAILROADS 


The approximate cost of roller-bearing equipment, including 
bearings and housings and application parts for the 4-8-4 loco- 
motive, not including tender, is $8000. 

The bearing-replacement charges on the basis of an annual 
mileage of 168,000 and a life expectancy of wheel bearings, except 
driver cones, of 1,000,000 miles, and driver cones 500,000 miles, 
would be $1500 per year. 

Saving in maintenance and lubrication, based on data ac- 
cumulated during the roller-bearing-locomotive demonstration 
period, would vary from $3900 per locomotive year for territory 
with light grades to $6700 per locomotive year in heavy service 
in mountainous territory. Thisis on the basis of : 


Attention during running 
Maintenance at terminals 
Semi-monthly inspection 
Replacement of bearing brasses 
Replacement of hub liners 
Saving in lubrication; 
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of the roller-bearing locomotive and an account of increase 
in power, averaging 12 per cent—in conservative figures, 10 per 
cent. 

An increase in availability of 50 per cent on an investment of 
$80,000 is equivalent to $40,000 to be written off in the life of, 
say, 20 years, or $2000 a year. 

‘An increase in power of 10 per cent on an investment of $80,- 
000 can be evaluated at $8000, which in a life of 20 years is worth 
$400 annually. 
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Fic. 15 Trsts iy Summer or 1930 on LoADED Cars 
(Per cent of saving, with distance operated, Timken cars run in 500 miles.) 
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Fic. 14 PassenGpR-EQUIPMENT RouLER-BEARING LAYOUT 
(Wide-pedestal type, 51/2 by 10 in.) 


The net maintenance saving, after deducting the bearing- 
replacement charges, would vary from $2400 to $5200 per year. 

Fuel economy, based on average machine efficiency of 86 per 
cent for the plain-bearing locomotive and 93 per cent for the 
roller-bearing locomotive, would vary from 750 tons to 1200 tons 
per year, this representing an annual saving of $1500 in the 
lighter service to $2000 in the heavier service. 

The locomotive operating cost would therefore be reduced in 
amounts from $3900 annually in light service to $7200 in moun- 
tainous service, corresponding with direct returns on investment 
of 49 per cent and 90 per cent, respectively, the high return cor- 
responding with the greater severity of service. 

The return of bearing investment, in addition to economy in 
operation due to savings in maintenance, fuel, and lubrication 
would also include a factor on account of increased availability 
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Fic. 16 Tests in Winter oF 1931 on LoAbED CaRs 
(Per cent of saving, with distance operated, Timken cars run in 6800 miles.) 
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The increased value of the roller bearings in locomotives on 
account of increased power development and increased avail- 
ability would be worth approximately $10,000 or considerably in 
excess of the purchase price of the roller-bearing equipment. 


RoiueR-BEarine Rop APPLICATIONS 


Considerable study has been devoted to the application of 
roller bearings to main and side rods, and methods have been de- 
veloped that will permit of the application of roller bearings to 
these parts. 

A unique device avoids the transmission of twisting and ex- 
traneous loads, incident to locomotive operation, to the bearings. 
The application avoids an increase in rotating parts carried on the 
pins, as compared to plain bearings, on the basis of using carbon 
steels in therods. The advantages of the roller bearing, involving 
long continuous runs, reduction in maintenance, and economy in 
lubrication, are available without sacrificing maximum speed per- 
formance or increasing dynamic blow on rails. 

An interesting feature of the roller-bearing study is that the 
main and side rods have practically uniform sections and permit 
and facilitate the use of alloy steels, developing higher physical 
properties. The roller-bearing application on the basis of using 
alloy steels effects reductions of 25 per cent in reciprocating and 
rotating parts and permits of increase of speed of 12 to 15 per 
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cent with the development of dynamic augment corresponding 
with plain bearings with diameter speed. 

This increase in permissible speed has a high economic value 
and improves the position of the railroads as regards meeting com- 
petition of other forms of transportation. The higher speeds 
will permit of reducing train schedules to the extent of 10 to 15 
per cent and will place the railroads in a position more in keeping 
with present-day economic demands for high speed. 


PASSENGER-HQUIPMENT APPLICATIONS 


The improved service and advantages resulting from the use 
of roller bearings in locomotives apply with equal force in passen- 


total mileage in Pennsylvania service is in excess of 47,000,000 
miles, and it is an interesting example of durability and reli- 
ability that in this mileage a train detention has never been 
charged to Timken bearings. 

Freedom from hot boxes is a general characteristic of the 
tapered roller bearing in passenger service. 

Greater availability follows the use of the roller bearing, inas- 
much as inspection is only necessary at monthly intervals, and 
equipment can therefore be dispatched with no delays at ter- 
minals on account of bearing inspection and maintenance. 

An absence of surging is particularly noticeable on complete 
roller-bearing trains, this resulting from a uniformly low rolling 

resistance of the roller bearing, 
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and particularly the low resis- 
tance at starting. 

Reduced cost of maintenance 
on equipment generally follows 
the use of the roller bearing on 
account of the absence of surg- 
ing in service, and in particu- 
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Fig. 17 Coup Trst, Loapep Cars, WINTER oF 1931 


(Timken cars run in 6800 miles.) 


ger equipment, and as a consequence the tapered bearings are 
generally used in this service. A distinguishing feature of the 
passenger mountings is the outboard construction, using double 
bearings in pedestal mounting with increased width of pedestal 
opening. 

A typical installation is shown in Fig. 14—a 51/,-in. by 10-in. 
application as adapted to General Steel Casting four- or six-wheel 
trucks. 


MiLwaAvKEE INSTALLATION 


The Milwaukee Road made the first large passenger installa- 
tion on Timken bearings. This involved the complete equipment 
of the “Pioneer Limited,” for service between Chicago and 
Twin Cities, and the “Olympian,” operating between Chicago 
and Seattle. The original equipment, numbering 127 cars, was 
placed in service in 1927. The Milwaukee Road has since ex- 
tended the installation of roller bearings to 153 cars, which in- 
clude coaches, Pullmans, and diners. The accumulative mileage 
of these cars to June, 1932, is 116,000,000 miles, the average mile- 
age per car being in excess of 1,000,000 miles. 


PENNSYLVANIA TIMKEN PASSENGER EQUIPMENT 


The Pennsylvania has 304 passenger-equipment cars in main- 
line coaches, dining cars, gas-mechanical, and multiple-unit 
electric cars, the original installations being made in 1927. The 


freight rolling stock, but not- 
withstanding these conditions, 
the Timken Company has con- 
tinued the development of 
the application of roller bearings to the freight car in the belief 
that ultimately the value of the development will be recog- 
nized, and with the return to more nearly normal business condi- 
tions utilizing the reserve of rolling stock, the purchase of new 
freight cars would initiate the gradual introduction of roller 
bearings in freight service. 

Freight-car roller-bearing development has involved the con- 
struction, testing, and arrangement for operation of equipment 
in capacities of 40, 50, 70, and 100 tons. These cars were built 
singly or in groups of two or three to develop the characteristics 
of specific constructions. 

The 100-car train has been tested as regards service for a total 
of 3,000,000 car miles, and in complete trains or in single cars has 
been tested under the following conditions, in comparison with 
plain-bearing cars of identical capacity. These tests comprise 
running resistance tests, both in summer and winter conditions, 
empty and loaded. The tests were made starting cold and after 
obtaining equilibrium temperature. There were starting tests 
for complete trains, starting tests for single cars, acceleration 
tests for complete trains, and tonnage rating tests for complete 
trains. 

The data, as regards running tests and starting test of single 
cars in addition to the accumulated service of the 100 cars over a 
period of three years, permit of drawing reasonable deductions 
as to the value of roller-bearing equipment in railroad service. 


RAILROADS 


The freight service improvement by roller bearings, from the 
data derived from the tests, supplemented by service records, 
can be listed under the following headings: 

The break-away resistance of the roller-bearing cars, as de- 
veloped in 115 tests, was slightly in excess of the low-speed rolling 
resistance, as compared with the break-away resistance of the 
plain-bearing cars, which is ten or more times the lowest rolling 
resistance. This characteristic should be reflected in reduction 
of wear and tear in couplers, draft gear, and car bodies, and in 
reducing the strain on locomotives in starting. 

The running-resistance tests indicate a reduction in rolling 
resistance of the roller bearing throughout the entire speed range. 
The reduction is considerable in starting cold trains amounting to 
approximately 40 per cent. 

A reduction of 16 to 28 per cent, varying with weather condi- 
tions, is indicated after ten miles of operation. 

The reduction at equilibrium point, attained after approxi- 
mately 20 miles of running where the temperature of the plain 
bearing ceases to rise, averages 11 per cent. The reduction in 
rolling friction with loaded cars under summer and winter condi- 
tions, at starting, after running 3 miles, 10 miles, and 20 miles, 
is indicated on two curves shown in Figs. 15 and 16. The four 
points are a general average of 170 running tests and 115 starting 
tests. The shape of the curve between the points, particularly 
between 0 and 3 miles operation, is conjectural. The normal 
resistance as controlled by load and temperature conditions, and 
which control the shape of the curve between the 0 and 3-mile 
points, is probably attained in the first few hundred feet of opera- 
tion. 

The winter tests are more nearly representative of the compari- 
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The equilibrium test on a loaded car is the best indication 
available of the comparative rolling resistance of cars with the 
two types of bearings. A general reduction of the roller bearing, 
ranging from 18 per cent at 10 mph to 9 per cent at 45 mph, is in- 
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noted that on account of the 
wide varying of conditions af- 
fecting rolling resistance, in 
addition to the roller bearing 
friction, a number of the tests 
show results slightly above or 
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below the average. This is 
indicative of the need for a 
much greater number of tests 
before definite conclusions can 
be drawn. The 170 tests, 
spread over a wide variety of 
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conditions, do not give any 
points to locate a curve repre- 
senting specific conditions; 
however, it is the best data 


available. A fair check is pro- 
vided by plotting the curve 
through points at various 


speeds from 10 to 50 mph, and 
where nearly all of these points 
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son in rolling friction of the plain and roller bearings, as these 
tests were made with plain-bearing cars well run-in after several 
years of service and with roller-bearing cars after one year of 
service, averaging 6800 miles. 

The comparative frictional resistance of loaded cars under 
winter conditions, after running 3 to 10 miles, is indicated on the 
curve in Fig. 17. 


locating the curve can be con- 
siderably reduced. 

The test data and the experi- 
ence available with roller bear- 
ings indicate a wide divergence at starting, and the comparable 
rolling resistance of the plain and roller bearings converge at 
approximately 25 mph with a parallelism of the curves above that 
speed. The data available in the comparison of plain and roller 
bearings in steel-mill service indicate greater divergence and more 
important economies, while other data available for higher 
speeds and heavy loads, available in the copper-rolling industry, 
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indicate still further economies in favor of the roller bearing. 

Acceleration tests, while limited in number, furnished indica- 
tions that roller-bearing trains can be accelerated to predeter- 
mined speeds in less time or with less power, and given the same 
power, will attain a certain speed in a shorter distance. Curves 
showing acceleration tests are shown in Figs. 19 to 22. The curve 
in Fig. 20, representing relation between drawbar horsepower and 
speed, is of interest in showing a temperature rise in attaining a 
speed of 251/. mph for the roller bearing of zero, whereas the 
temperature rise of the plain bearing in attaining a speed of 24 
mph is 54 deg. 

Starting tests on complete trains, made in limited numbers, 
gave indications that trains of equal weight can be started with 
plain or roller bearings, with trains having full slack, and 0.3 
per cent grades. 

The increase in the size of the stretched train that could be 
started with identical locomotive on roller bearings was 76 per 
cent. A total of 76 cars were started with either type of bearing 
in a slack train, but with a stretched train 65 roller-bearing cars 
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and 37 plain-bearing cars developed the full capacity of the 
identical locomotive. 

Hot boxes, based on experience from October, 1925, on the first 
cars built and including the experience of the 100-car roller-bear- 
ing train, indicate that hot boxes are eliminated as a factor in 
railroad operation by the roller bearing. There have been no hot 
boxes to date. 

Reduction in car maintenance is indicated by the experience 
with the 100 cars, with over 3,000,000 car miles without repairs 
to bearings or related parts and without a recorded repair to car 
bodies. While the experience is limited, a reduction in mainten- 
ance with roller bearings is indicated. 

Increased speed of transportation should result with use of 
roller bearings. Speed limitation, as imposed by plain bearings, 
is eliminated entirely. It was found that 50 mph was the maxi- 
mum permitted speed of the loaded 70-ton equipment as used in 
the running tests. The roller-bearing cars were operated at the 
top speed of the freight locomotive, namely 65 mph, without 
appreciable heat rise, but the plain-bearing cars developed hot 
boxes with such frequency at speeds of 50 mph as to cause the 
abandonment of the test program with plain bearings at the 
higher speeds. Higher speeds than 50 mph are operated on 


plain bearings in passenger service and in general freight com- 
modity service, but with reduced axle loads. It is expected that 
increased truck competition will force higher railroad speeds. 
Economy in fuel should follow the reduction in rolling friction 
throughout the entire speed range from 5 to 50 mph. An 
economy of 10 per cent on level track would be equivalent to a 3 
per cent saving on a normal heavy tonnage grade of 0.3 per cent 
and would be equivalent to 11/2 per cent on a 1 per cent grade. 
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Fie. 22 Frrst AceLpRaTION TEST 
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Fuel saving is affected by many other variables, but a general 
average could be expected. 

Improvement in coupler and draft-gear service should follow 
the use of roller bearings on account of the 90 per cent reduction 
in effort required in break-away and the 75 per cent reduction in 
starting a stretched train. 

An increased capacity of locomotives to haul larger trains or to 
haul equivalent trains at faster speeds is a natural corollary in the 
reduction of rolling friction. 

The weight reduction is a factor of importance, amounting to 
4400 lb per 70-ton car, which, with the identical rail load, in- 
creases the value of the car for hauling commodities. 
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Dry Film Gluing in Plywood Manufacture 


By RAY SORENSEN,! LOUISVILLE, KY. 


Brerrer Prywoop ApHESIVES NEEDED 


HE limitations of recognized plywood adhesives have been 

a severe handicap to the veneer and plywood industries, 

seriously retarding their development of known and 
promising plywood types and products. The recognized com- 
mercial wood adhesives in the United States, until within the 
last two years, might be termed wet glues, and consist chiefly of 
either animal or vegetable matter. All of these fluid glues, 
animal, vegetable, casein, albumin, soya bean, and their com- 
binations, have been found inadequate to meet the wonderful 
opportunities in the plywood fields immediately ahead. 

Partly for this reason, and partly because of inefficient pro- 
motion, the veneer and plywood industries have been severely 
restricted in their growth, while the metal and synthetic sheet 
material industries, with broader vision, have made big inroads 
into the well-recognized woodworking fields. It is a truism that 
an inferior but well-promoted product will often be accepted in 
place of an intrinsically better product that is not well presented. 
It is seldom possible to find new uses or new fields for plywood 
products because of the lack of proper adhesives and the dearth 
of necessary industrial research. It has been well said that 
plywood is no stronger than its glue line, and a glue of limited 
scope is a severe handicap in every way. 

It is a fact that today, and for some time to come, the facilities 
for producing plywood are far in excess of the demand, and 
unless new uses and new fields are found, the industry faces a 
drastic curtailment of volume. Consequently it is incumbent 
on the industry to carefully analyze and evaluate all new materials 
offered to determine to what extent the old limitations are over- 
come. 


Piywoop Progress ASSURED BY Dry GuvuE Fim 


The ideal wood adhesive is one which is of a uniform quality, 
which can be laid or spread in an even coating, which gives a 
perfect glue bond, and which can be applied economically. Dry 
glue film stands ready to meet all of these conditions in an effi- 
cient way. The dry glue film process eliminates many complica~ 
tions that beset the manufacturers of fine veneered work because 
dry glue film is simpler to apply than wet glues; in fact, all of the 
untidy and unpleasant mixing and spreading operations in wet 
gluing are wholly removed from the plywood factory by the 
use of dry glue film. Properly manufactured glue film contains 
in each square foot of surface precisely the same quantity of 
glue, of equal quality, of uniform composition, of exactly the 
same bond strength, and of the same standard thickness. 

The entire industry is certain to benefit greatly by the intro- 
duction of dry glue films for the fabrication of veneers, non- 
porous substances, and insulating materials into a new and wider 
range of plied-up combinations. The extent of the benefit to 
the industry will depend upon the degree that this dry glue film 
overcomes the known limitations of the commonly used wet glues. 


Propiem or Woop Moisture IN PLywooD GLUING 


The industry has long known that warping, winding, and twist- 
ing in plywood is greatly influenced by the moisture content of the 


1 Formerly Secretary, Tego Gluefilm, Inc.; present address, 131 
North Western Parkway, Louisville, Ky. 
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wood. It is also true that the strength of plywood varies widely 
with its moisture content. Only when properly dried wood is 
used can an acceptable product be obtained. It is much easier 
to dry the individual plies before gluing, such as lumber cores, 
veneer cores, or outer veneers, by an efficient and reliable drying 
process, than it is to dry the jointed, glued, and veneered plywood. 

When using fluid glues containing a high percentage of water, 
which we have termed wet glues, these problems will be par- 
ticularly great. The percentage of water contained in glues 
cannot be kept uniform nor can it be kept within certain limits. 
There is no possibility of regulating the influence of moisture 
on the glued plies. How deep the glue moisture penetrates into 
the plies to be glued depends greatly on the structure, dryness, 
thickness, density, and temperature of the wood, as well as on 
the consistency and composition of the glue. It is of prime 
importance in gluing to have not only even spreading, but also 
standard quality and predetermined consistency of the glue. 
It is known that many variations occur when glue is mixed in a 
plywood factory, regardless of the care exercised in its prepara- 
tion. 

The industry has been aware of the many disadvantages of 
wet glues and has tried to find or to perfect ways of evaporating 
part of the glue moisture after spreading and pressing, but with 
only mediocre success. These endeavors have inevitably opened 
the field to the development of the dry glue film. 


EaRLyY DEVELOPMENT OF Dry GuvE Firm 


In the early development of dry glue film it was discovered 
that it was impractical to produce a dry glue film having as a 
base the ordinary wood adhesives. The possibilities of dry glue 
films have had the attention of various individuals for a number 
of years, and as a result a dry glue film has been gradually de- 
veloped, improved, and finally marketed. 

The adhesive power to wood of phenol-formaldehyde con- 
densation products has long been known, but their general use 
or commercial application has been prevented because of the 
expense or cost. 

The qualities offered by phenolic resin as a wood adhesive 
were quickly recognized, and attention was then turned to the 
application of the resin product, whether as a colloidal solution, 
dry film, or powder. Many attempts were made by industries, 
both in this country and in Europe. About nine years ago a 
German research and chemical manufacturing company set out 
to perfect the use of phenolic resin as a commercial wood ad- 
hesive, which meant bringing it to the simplest form of applica- 
tion and within a cost range for general adoption by the plywood 
industry. The final result, after seven years of research, was 
the development of a phenolic resin dry glue film. Dry glue 
films have proved to be very simple, clean and quick in their 
application, and to eliminate many of the disadvantages unavoid- 
ably involved in the wet glues of today. 

Because it is the first scientifically manufactured form of 
adhesive which at all times has the correct quantity and quality 
of glue, and sets up for the first time a scientific method of ply- 
wood manufacturing, it presents a distinctly new method which 
promises to revolutionize the present form of applying and 
using wood adhesives. There being but one dry glue film com- 
mercially recognized and used today, it may be considered 
typical of a class that is in the development stage. 

As mentioned before, the industry has long felt the need of 
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better adhesives which would permit it to seek new uses and new 
fields for its products. It has been repeatedly shown that many 
new outlets for plywood are necessary in order to enable the 
industry to continue its sturdy progress. The newly developed 


dry glue film answers this need and permits the industry to 


proceed to enter these new markets. 


Typms AND Grapzs or Dry GLuE Finm 


The dry glue film, as marketed today, might well be termed a 
sheeted synthetic or phenolic resin film because, as mentioned, it is 
a phenol-formaldehyde condensation product. The film is to be 
had in various weights, to meet a wide range of requirements. 
For example, what is termed a standard film which meets all 
ordinary conditions as an adhesive for plywood, is a 60-gram 
film. This means that over a given area the film contains by 
weight 40 grams of resin and 20 grams of paper, which is the 
carrier required in producing the film. This paper or carrier 
must be thin, porous, and fibrous, so as to permit a uniform 
impregnation of adhesive on both sides. It must be tough 
enough not to break in handling and so porous that under the 
influence of heat and pressure the adhesive will thoroughly 
penetrate the carrier and eliminate any tendency for the glue 
joint to separate. Film can be furnished with a greater or less 
amount of resin, according to the requirements demanded as an 
adhesive and the type of materials to be laminated. The shear 
values resulting from such variations are shown in Table 1. 


TABLE 1 SHEAR VALUE OF TEGO GLUE FILM BOND 


(In pounds per sq in. as influenced by different proportions of 
resin on the same carrier) 


Pressure: Mahogany 142, and Birch 284 lb per sq in. 


Time in Press: 10 min 
Temperature: 130 C 
Moisture Content of Veneer: Approximately 10% 
Resin-coating Mahogany Birch | 
per sq meter, 3-ply, 5/es in. 8-ply, 1/4 in. 
gr Dry Wet Dry Wet 
21 154 107 261 193 
23 182 123 312 237 
26 209 145 336 228 
28 222 162 321 239 
32 253 204 325 239 
40 308 266 396 330 


The standard glue film, described as 60 grams, is the last in the table, 
having 40 grams of resin and 20 grams of paper carrier. 


TABLE 2 SHEAR VALUE OF SINGLE AND DOUBLE LAYERS OF 
TEGO GLUE FILM BOND 


(In pounds per square inch) 
3/\¢in., 3-ply, All Birch 
Pressure: 284 lb per sq in. 
Time in press: 10 min 
Temperature: 130 


Moisture Content of Veneer: 10% 
Resin coating 
per sq meter, Single Double Increase, 
a layer layer % 
21 248 312 26 
40 298 445 49 


In case more than 40-gram coating is required, as in gluing metal 
to wood, it is practicable to use two sheets of dry film glue in 
each joint. While this does not double the bond strength, still 
it does result in a substantial increase, as shown in Table 2. 
It is frequently advisable to use double layers where the surfaces 
are rough, requiring more glue bulk, or where veneers vary 
slightly in thickness. 

The standard width is 51 in., but can be made up to 82 in. 
Rolls will average over 3900 ft in length, and a 51 in. X 3900-ft 
roll will weigh 225 lb crated, containing approximately 17,000 
sq ft. 

APPLICATION OF Dry Firm GuLuEs 


The assembling of veneer into plywood with dry glue film 
methods demands an entirely different technique than that which 


has been commonly employed with the usual wet glues. The 
dry film glue, being a phenolic resin, is thermoplastic and thermo- 
setting, which now permits the fabricating of plywoods without 
the introduction of water into the carefully dried veneers, as is 
necessary with the wet glues. 

The film glue being thermoplastic and thermo-setting, the 
bond is accomplished with heat and pressure, requiring a hy- 
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(Glued at 10% moisture content in 10 min time, with 284 lb per sq in. 
Dotted lineis test after immersion. Full line is dry test before immersion.) 


draulic hot plate press. With the application of both heat and 
pressure at the same time, as is had uniformly with the modern 
type of hydraulic hot plate presses, the resin film polymerizes 
and becomes both insoluble in water and chemically inert. 
This method of producing a bond with the dry film glue might 
be termed “vulcanizing,” and has for the first time set up a 
laminated panel in which the fibers of the adjacent plies are 
brought directly in contact with one another. In fact, the 
adjacent plies might be said to be welded to each other. Thus 
the bond obtained has in reality converted the several original 
plies into an ultimate panel of solid material, and this has been 
done without the internal stress and strain which is often so 
troublesome. 

The dry glue film process eliminates the expensive redrying 
methods which have to follow gluing with wet glues. The 
industry has spent a great deal of time and money to set up 
proper methods for this subsequent redrying necessary to remove 
the glue moisture. Woods vary in their structure and density, 
making it impossible to accurately control the drying process, 
which is often the cause of distorted plywood and checked faces. 

Inasmuch as the dry glue film is only 0.005 in. thick, entirely 
new demands must be made as to the pressure required. The 
hydraulic hot plate presses must be designed and built to new 
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WOOD INDUSTRIES 


standards of accuracy as to the deflection of its members. The 
maintenance of proper temperatures on the entire surface of the 
plates is of extreme importance. 


Revation or Huat, Moisrurp, PressurE, AND TIME 


When gluing with dry glue film there are four variables to be 
considered, namely, temperature or heat, moisture, pressure, and 
time. All are closely related to one another in producing a 
satisfactory bond with resin adhesives, but it is best to consider 
the influence of each factor separately. The strength value 
of each of these variables in relation to the others has been 
accurately determined and charted. The accompanying charts 
1, 2, 3, 4 show definitely the strength of the bond obtained 
when varying the factors and prove conclusively that the lami- 
nating of plywood with dry glue film may be considered a scien- 
tifically controlled process. A careful study of the series of 
charts will readily show that when the same combinations of 
variables are repeated, the value or strength of the bond obtained 
comes within close limits, if the same or similar woods are 
used. 

1 Influence of Temperature or Heat. The dry glue film, 
being a phenolic resin and thermoplastic, requires a definite 
amount of heat and a predetermined time to set up or produce 
polymerization. 

Chart 1 clearly indicates the influence of heat for a given 
period of time, and demonstrates the greater shear values of the 
bond as the temperature is increased. In preparing these charts 
it will be noted that certain standard time, pressure, moisture, 
and heat factors have been established, to show relative com- 
parative values with one another. The construction of the 
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Cuart 3 INFLUENCE OF PRESSURE ON Guusp Fi~m 
3/16 IN., 3-Puy BircH 


(Glued in 10 min time, with 10% moisture content in veneer. Dotted 
lines are tests after immersion. Full lines are dry tests before immersion.) 


plywood used is a 3-ply panel, */:5 in. thick, all plies 1/16 in. 
birch. 

The solid line indicates the strength of the bond when testing 
the plywood in a dry state, having an average moisture content 
of 7 to 8 per cent. The dotted line indicates the strength after 
soaking in water at room temperature for 48 hr. It will be 
noted that while the value obtained when testing the bond after 
soaking is somewhat lower than the dry test, this does not 
mean that the glue line has weakened to this extent, but rather 
that the tensile strength of the fibers of wood are lower in a wet 
state. It is also a fact that the shear value of the dry glue film 
bond always increased when redried after soaking. 

In studying this chart it will be readily observed that the in- 
crease of temperature in a given time materially increases the 
strength of the glue bond. For instance, a panel glued at a 
temperature of 100 C for 10 min at a pressure of 284 lb 
per sq in. and with a moisture content of 10 per cent, 
has a shear value of 66 lb per square inch. With all other 
factors remaining the same and the heat increased to 140 C, 
the shear value increases to 396 lb per sq in. The same increase 
is proportional to a lesser extent in the wet test. Increase of 
heat in a given period of time always produces a better glue 
bond. 

In the manufacture of dry glue film the resin has been pre- 
cured to a definite point, andit will be observed on all the charts 
that a temperature no higher than 140 Chas been shown. Tests 
have proved that no material increase in the bond is found at 
temperatures beyond 140 C, but any increased temperature 
above this has no detrimental effect upon the curing of the resin. 
The wood itself is the item that must be kept in mind when 
employing high temperatures. The gluing temperature of 140 Cc 
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TIME OF PRESSURE -— MINUTES 
CuHart 4 INFLUENCE OF TIME OF PRESSURE ON GLUE Fiim JoINTS 


3/15 In., 3-Pity Brrcu 


(Glued at 284 lb per sq in., and 10% moisture content, Full line is dry 
plywood test. Dotted line is plywood test_after 48 hr immersion. Al 
temperatures are given in Centigrade.) 


required for dry glue film does not damage the quality of the 
wood. 

This has been proved by a number of tests, especially those 
of Professor Dr. Otto Gerngross of the Technical University of 
Berlin, as shown in Table 3. While the table refers only to birch 
and fir, these are taken as typical of the hardwoods (deciduous) 
and the softwoods (coniferous). It is to be noted that both 
species have a strength increment of more than 10 per cent due 
to simultaneous heat and pressure. The heat alone on the birch 
does not alter the strength value, but heat alone on the fir will 
carry the strength value to that of combined heat and pressure. 
This is due to the natural rosin content of the coniferous wood 
that is equalized and hardened by the heat. 


TABLE 3 EFFECT OF HEAT, WITH AND WITHOUT PRESSURE, 
ON TENSILE STRENGTH OF SINGLE-PLY VENEER 


Specimens tested: 11!/sin. X 4 in. X 5/es in, Birch and Fir veneer 
Temperature: 140 C 
Pressures and tensile strength given in lb per sq in. 


Tensile Strength 


: ; Specific Time, Before After 
Species pressures min heat heat 
Deciduous (Hardwoods) 
ISO NAGe on nase A AOR OE 0 45 7892 7864 
HBinchi 07, tele wayeeee ae eae 142 15 8788 8674 
Coniferous (Softwoods) 
Lee DROME Aae FOG ofc 0 45 5631 6897 
Behe ee ees, aan, td a 142 20 6541 6826 


Adapted from article in ‘‘Sperrholtz,"’ 1930 (S-382) by Prof. Otto Gern- 
gross, of Berlin, Germany. 


When gluing with dry film glue it is always safer to employ 
the higher temperatures, but seldom over 140 C. This usually 
depends on the type of material to be laminated. 


2 Influence of Moisture Content in Wood. Methods of 


gluing with dry glue film differ from those of ordinary wet 
gluing because the natural moisture in the wood is not increased 
by glue water. Experiments have shown that, regardless of 
the type of glue used, warping and wavy surfaces in lumber 
core plywood are not only caused by irregular thickness and 
resistance against compression by the core, but that they also 
occur if the moisture content of the core exceeds 5 to 6 per cent. 
This limit of moisture content, however, does not apply to cross- 
banding and outer veneers. 

It will be noted from chart 2 that the shear value or bond 
strength depends to a great extent on the moisture content of 
the veneers. A careful study of the chart shows the bond that 
can be obtained when using a dry glue film that is several months 
old, which is the average age of the film when used. This is 
indicated by the solid line, while the dotted line represents the 
bond obtained when using a freshly manufactured film about 
ten to fourteen days old. 

A certain amount of moisture is necessary to plasticize the 
resin, and this moisture may come either from a freshly made 
glue film or from the veneer. Consequently it is important to 
regulate the moisture of the veneer within safe operating limits. 
The chart indicates that freshly made glue film must be used 
where veneers are substantially less than 4 per cent moisture 
content, but that even better joint strength is obtainable from 
aged glue film when the veneer is between 4 and 12 per cent 
m.c., which is the normal condition found in veneer as stored 
in the average warehouses. It is obvious that this eliminates 
the ordinary redrying required prior to wet gluing. 

Experience has proved that the most useful medium for the 
moisture necessary in plasticizing dry glue film is the cross- 
banding in 5-ply construction. This is so situated in the assem- 
bling operation as to supply the required moisture to the dry 
glue film adjacent to both the core and face. It has been pointed 
out that excessive moisture in a lumber core is dangerous, and 
it is apparent that surplus moisture in face veneer may result 
in open joints or hair lines and checks. 

It might be mentioned that in gluing very fragile face veneers, 
such as highly figured crotches and burls, tests have shown a 
moisture content of about 6 per cent to be the most satisfactory. 

3 Influence of Specific Pressure. The pressure applied on 
the surface of the plywood is the specific gluing pressure, or, as 
it is frequently called, the platen pressure in pounds per square 
inch and should not be confused with the higher pump pressure 
that is required. The application of pressure with dry glue film 
is no different than when gluing with wet glues, except that wet 
gluing usually requires 75 to 150 lb specific pressure, while dry 
gluing ranges from 150 to 250 lb and in some instances up to 
300 lb per sq in. The amount of pressure exerted on a panel 
depends on the density of the wood and the construction of the 
plywood. 

It is also indicated on chart 3 that the strength of the glue 
line increases with additional pressure. The maximum pressure 
depends upon the compression loss in plywood thickness that 
can be allowed. Some woods and synthetic boards will crush 
under 50 lb, while denser woods and non-porous synthetic prod- 
ucts will permit greater pressure. Consequently the adhesion 
on the softer products will not be as great as on the harder 
materials. The average compression percentages on the com- 
moner woods are given in Table 4. 

4 Influence of Time of Pressure. The time required to com- 
plete the bond, which is often referred to as gluing time, is 
generally understood to be the time that elapses after obtaining 
the correct specific pressure and until the reopening of the press. 
It is also essential that the temperature of the plates is secured 
before closing the press. The gluing time depends chiefly upon 
the time necessary for the heat to penetrate from the steam- 
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heated platens through the aluminum cauls, the outer veneer 
and crossbanding, or to the film farthest from the source of 

) heat. 

Mention has been made of using aluminum cauls. They 
retard the penetration of heat but a very few seconds and are 
used to facilitate the handling of the stock in and out of the 

. press. 

\ Chart 4 readily indicates that a strong bond can be obtained 
in 3 min when employing temperatures in excess of 130 C. The 
ordinary 13/y -in., 5-ply construction as is commonly manufac- 
tured for tops, requires an average of 12 min to complete the 
bond. It will be noticed from this chart that the increase of 
time materially increases the strength of the glue line. 


TABLE 4 COMPRESSION FACTORS IN PLYWOOD 


Construction: 3-ply 
Time of Pressing: 10 min 


) Temperature: 130 


Moisture: 10% 


Pressure: Lb per sq in. 
Species Plywood Specific Compression, 
wood thickness pressure per cent 
Mahoganyenec.ss.. 60: 1/3” 142 6.2 
213 6.8 
284 32.0 
Tipe ices naa has 1/3” 142 9.5 
213 15.3 
284 39.0 
Willdlormayenicis «cia si sentetaresnis 3/3” 142 2.4 
213 3.1 
284 9.3 
LEY Nails ec opeO aoe GOOLE 3/64” 142 7.8 
213 9.1 
284 15.2 
Binchoee a Ree eee 1/6” 142 4.5 
213 4.5 
284 13.3 


Again it is shown that the waterproofness of the glue line 
increases with the gluiné temperature and elapsed time the 
material remains under pressure. 


Hypravuic Hor Piate Press 


The hydraulic hot plate press is not a recent development. 
Its origins, as adapted to plywood, date back some fifty years 
in Europe. The modern hot plate press is the result of the 
progressive development of the plywood industry based on scien- 
tific and practical research. The comparatively recent develop- 
ment of dry glue film has revolutionized this press industry in 
the United States, since the low unit pressure of wet gluing 
processes permitted a comparatively light-weight press, while 
dry gluing requires higher pressures and sturdier presses. 

1 Plate Design. The modern hydraulic hot plate press for 
high pressure is fitted with plates of special alloy steel having 
good heat conductivity and high compressive strength. The 
steam channels, bored in the plates, are accurately drilled and 
properly spaced to insure uniform distribution of heat on both 
surfaces. The maintenance of equal heat is essential in dry 
glue methods and this type of plate fully answers these require- 
ments. This is in contrast with the old style plates used for 
low pressure in gluing with thermo-setting wet glues, which 
consisted of relatively thicker (2 to 4 in.) sections with unevenly 
distributed steam channels. The high tensile strength of the 
alloy steel plates permits the use of thinner plates, averaging 
11/> in., substantially increasing press capacity. The surfaces 
must be machined accurately so that their parallelism insures 
uniform pressure on the plywood, otherwise a serious variation 
of thickness (crushing) and uneven glue bonds might occur in 
the finished plywood. Step devices are provided to suspend 
the plates in the open press. 

2 Upper and Lower Platens. The press head, or the upper 
platen, should be a one-piece heavy steel casting to insure a 
maximum deflection of 0.003 in. The deflection in the cold 
press is seldom serious since it is distributed over 30 in. of content, 
or a clamped bale, while in the hydraulic hot plate press, there 
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TIME IN WEEKS 


Cuart5 Inruvunnce or Morp anp FunGI on DirFeRENT PLywoop 
GLUES 
(Dotted line, wet glue in cold press. Full lines, wet glue in hot press. 


line with dots, dry film glue in hot press.) 


Full 


is usually but one panel between each pair of plates, or a content 
of less than 1 in., and the whole deflection may come in each 
panel. The lower platen, or head, should also be a one-piece 
casting and together with the plates should be well aligned and 
guided during the opening and closing of the press to insure 
against displacement. 

3 Pump System. The modern hot plate press must be 
equipped with a satisfactory hydraulic pump system to insure 
rapid closing in not more than 30 sec and also to maintain 
accurate continuous pressure. The temperature of the plates 
is usually thermostatically controlled to maintain a constant 
heat. The pump system should be so designed that after 
reaching the maximum pressure it will ease off smoothly. 

4 Mechanical or Manual Loading. While many of the 
smaller presses are manually operated, as to loading and un- 
loading, the larger presses are equipped with automatic charging 
devices as illustrated in Fig. 7. In some instances the charging 
equipment is designed to operate similarly to the lumber lift. 
This permits the loading and unloading of the openings, or 
“day-lights,” of the charging device at the level of the truck or 
table used. 

5 Cauls. Aluminum cauls, usually 4/15 in. thick, are used 
to facilitate the loading and unloading of the assembled ply- 
wood. ‘The aluminum caul is a good conductor of heat, requiring 
but a few seconds for attaining the temperature of the steam- 
heated platens, especially when under pressure. For this reason 
the aluminum caul should not be used to retard the penetration 
of heat, or to compensate for slow acting pump systems. 


TECHNIQUE OF PROCESSING 


The preparation of the face veneer, cross bands, and cores does 
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Fig. 1 
Fig. 4 
Fig. 2 
Fig. 3 


Fig. 6 
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not differ from regular methods employed for ordinary wet 
gluing, except as to the moisture content of cross bands and 


, face veneers. 


~~ 


2 


1 Tapeless Face Jointing. A great deal of time and attention 
has been devoted to discovering some means of eliminating the 
paper veneer tape used in splicing face veneers and cross bands. 
Attempts have been made to perfect a thin fibrous paper tape 
to be applied to the under side of face veneers, so that when the 
gluing operation is completed the surface of the plywood will 
require no sanding other than the ordinary polishing for finishing 
purposes. 

As the plywood comes from the hot plate presses when glued 
with aluminum cauls, the surface has a very high sheen or polish 
and requires no sanding by the plywood manufacturer if the face 
veneers are free of tape. Some recent developments have been 
made in perfecting a tapeless veneer splicer as shown in Fig. 1. 
This machine has been designed along the lines of the ordinary 
veneer splicers. Prior to splicing the faces, the edges of the 
veneers are coated with a good grade of animal glue and allowed 
to dry. The glue is usually applied immediately after jointing 
and before the pressure is released in the jointer. The veneers 
are passed through the splicer and under heat units, which 
redissolve the animal glue and set it. The speed at which the 


stock can be jointed or welded depends on the number of spindles 


built in the machine. For example, a four-spindle machine will 
weld approximately 35 lineal feet of 1/1s-in. veneer a minute. 

The elimination of taped faces will greatly reduce the cost of 
plywood manufacturing, especially in the sanding departments. 
It also permits the manufacture of plywoods, utilizing narrow 
veneers, with absolutely waterproof joints, having no tape re- 
maining under the joints to decrease the strength of the dry glue 
bond. 

Development work is now being carried on to produce a veneer 
tape manufactured from dry glue for use on the standard paper 
tape veneer splicer. 

2 Dimensioning the Dry Glue Film. There has been some 
question as to the proper method of cutting dry glue film to 
dimension sizes. This is clearly illustrated in Fig. 2. Usually 
the operator cuts the film on the table, as shown, to multiple 
dimensions that will recut to several smaller sizes. The re- 
cutting is completed on an ordinary veneer clipper. It is not 
practical to attempt to cut the film to final size in single sheets 
on a veneer clipper because of the extreme thinness of this film. 
The film is supplied in various widths up to 82 in. wide; there- 
fore the waste can be held down to a minimum. 


Captions for illustrations appearing on opposite page 


Fig. 1 A Four Spinpite Tapetpss VENEER SPLICER FOR Epap 

Uniting VENEER WITHOUT THE Usb OF THE CONVENTIONAL VENEER 

Tape. Tus Cuan Freep Princiets Is Saown EmMpLoyine STEAM 

orn Exuecrricatty Hratrp ROLLS FOR THE THERMO-SHETTING 
ADHESIVE 


Fic. 2 Mxztuop Emptoyep in Currine THE Dry Guve Firm. THE 
Currine TaBLe Is Marken Orr 1n IncuEs To ASSIST THE OprRATOR 
in Currine THE Frum To Exact DIMENSION 


Fic. 3 Tue Srmpin, CLEan, AND Quick MxrTHop or ASSEMBLING 
THE VENEER, CoRES, AND Cross BANDS, Prior To Pressine, Is 
CLEARLY ILLUSTRATED 


Fig. 4 Tum AsseMBLED PLywoop PLACED IN THE OPENINGS OF THE 
Hypravuic Hor Prats Press Just Priok TO THE FuLL CLOSING OF 
THE PRESS 


Fic. 5 Conrrot Unit EMpioyep on A EUROPEAN Hyprautic Hor 
Pirate Press, AUTOMATICALLY REGULATING THE TEMPERATURE, 
Spuciric PRESSURE, AND TIME OF PRESSURE 


Fie. 6 Removine Tap CompLerep PANELS FROM THE OPENINGS OF 
THe Hot PLATH Press 
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3 Laying the Film. The laying of the dry film is very simple 
and requires a minimum time, as illustrated in Fig. 3. Piecing 
of the film or lapping of the joints can be done to utilize the 
small cuttings that might otherwise accumulate. 

4 Loading the Press. As mentioned before, in loading the 
press the stock is placed between aluminum cauls. Fig. 4 
shows a press loaded and in the process of closing. The charging 
of the different openings of the press, as well as the closing time, 
should be done as quickly as possible. With modern pumps the 
specific pressure required can be secured in 30 sec, avoiding any 
pre-curing of the film by heat before pressure is effective. An 
automatic control, regulating the pressure, temperature, and 
time, is shown in Fig. 5. 

5 Unloading the Press. The manual unloading operation 
is shown in Fig. 6. In this instance aluminum cauls were not 
used, due to the use of non-figured thick face veneers. Auto- 
matic loading and unloading devices are extensively used in 
Europe and are shown in Fig. 7. This equipment conserves 
press time and reduces the labor of the press crew. During the 
time of pressing, the moisture content of the veneer has been 
reduced to some extent. It is a common thought that im- 
mediately after the plywood is removed from the press, it begins 
to take on moisture. This is incorrect, as it will continue to 
give off moisture until the temperature of the plywood has 
fallen below 100 C. To hasten the manufacturing time ply- 
wood may be passed through a bath of water immediately after 
coming from the press and allowed to temper for several hours 
in bulk, after which it is placed on sticks and weighted for 
equalizing temperature and moisture content. 


Errecr or ContinurpD Heat WiTHouT PRESSURE 


The problem of limited press output is certain to occur as the 
demand for dry glue film plywood increases. Two sheets of 
plywood can be placed in each press opening, provided suitable 
cauls are located between as well as above and below the plywood. 
Such a procedure is limited to plywood 1/s in. and thinner and 
will require only half as much additional time as a single sheet 
of plywood, increasing the press capacity 50 per cent. 

Another method of conserving press time is that of placing 
plywood that has not been completely plasticized in the press 
in heat-controlled kilns immediately after removal from press. 
This has the effect of continuing the heat treatment to complete 
plasticization in the kiln, after the pressure element has com- 
pleted its function. 

The results of a series of tests indicate that the pressing time 
can be reduced at least one-half without sacrificing bond strength. 
Table 5 shows the trends of such a procedure, with the press 
conditions in the left-hand side of the table and the kiln condi- 
tions directly across on the right-hand side. 


ADVANTAGES OF Dry GLUE Fium 


There are many advantages to be secured when laminating 
with dry glue film. The process is simple and quick. The 
assembling of the layers can be done in a suitable room near 
the press, as the time between assembling and pressing is not 
limited. Care can be exercised in assembling of the veneers 
and cores, while the haste and rush now so characteristic of the 
glue room operations is overcome. 

The factor of time in gluing and conditioning plywood is 
reduced from days to a matter of hours. This time saving assists 
the manufacturer in meeting many urgent deliveries with utmost 
assurance of perfect material. 

Dry glue film permits the gluing of extremely thin, light-colored, 
and porous veneers of all kinds without any staining effects. 
Because of this non-staining quality the beauty of the wood is 
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Courtesy, Becker & Van Hullen, Krefeld, Germany 


Fig. 7 SHowinc Loaping aND Unioapinc Dxvices on a Hot Puate Press, CARRIED ON OvERHEAD CHANNEL RAILS 


retained, finishing costs are lowered, and a rich, deep tone of 
artistic character is produced. 

The bond effected with dry glue film resin is not only water- 
resistant, but is actually insoluble in water and chemically inert. 
Extensive tests have not only shown the glue line absolutely 
waterproof, but on redrying after immersion the bond always 
shows inereased strength. Not only is the bond chemically inert 
but it is resistant and retardant to the attack of mold, fungi, 
and bacteria. Tests show that termites and wood vermin will 
not attack plywood laminated with a phenolic resin film when 
layers are 1/3 in. or thinner. 

Chart 5 shows the life of various wood adhesives when sub- 
jected to the attack of mold and fungi. It should be men- 
tioned that the time shown in weeks for full decomposition of 
the glues was partly absorbed by the building up of the mold 
culture. This time is shortened when subjecting the specimens 
to a culture of mold and fungi. For instance, in place of re- 
quiring approximately four weeks to decompose a casein glue 
line when applied in the cold method, the time is reduced to 
approximately ten days when subjected to a culture. It will 
also be observed that the hot plate press method of gluing with 
wet glues not only increases their water resistance but also 
improves their resistance to the mold attack. This shows that 
all of the wet adhesives are subject to full decomposition, while 
the bond made with the film resin is 100 per cent resistant to 


2 Since preparation of this article Naval Aircraft Specifications 
No. 39P13a, April 1, 1933, provide: 

E-2c. The adhesive used shall be resistant to decomposition 
from mold, fungi, bacteria, and shall show a minimum average shear 
value of 250 lb per square “inch when subjected to a culture of the 
above for a period of ten days. 


these attacks. Other tests show no deterioration to the bond 
after being exposed to the attack of mold and fungi for two years. 

The old theory that plywood must be made with a balanced 
construction has been disproved. It is now possible to produce 
2-ply panels with lumber core and face veneer with substantial 
economy and showing no distortion. Many new forms of 
construction not heretofore possible can be developed when 
gluing, without introducing moisture into the veneer or lumber. 

After gluing, plywoods can be placed in hot water or steamed 
without injury to the bond. This permits use of flat plywood 
construction in the forming of bent and curved products, and the 
resulting work is very satisfactory. 

The dry glue film bond will not react, thus eliminating a 
corrosive attack. 

It also has the quality of extreme flexibility. There is no 
crystallizing and cracking, and the bond cannot be destroyed 
by distortion. 

The dry film is completely dissolved under pressure and heat 
and for the first time has effected a bond which is stronger than 
the contracting and expanding power of wood, when subjected 
to excessive moisture. This is illustrated in Fig. 8, showing a 
3-ply flooring test, using °/1s-in. oak face and °/,.-in. chestnut 
core and back. The outer surface expanded in a one year’s 
immersion test some 5 per cent, while the glue side of the oak 
was held to approximately original dimension by the dry glue 
film bond. 

Dry glue film is very adaptable for the gluing of crotch and 
highly figured veneers in either a 5-ply construction or a 2-ply 
reinforced face construction. It insures these veneers against 
checking because the adhesive bond is stronger than the expan- 
sive power of the wood. For the same reason it also eliminates 
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the so-called hair-lining troubles which are so objectionable to 
all plywood and furniture manufacturers. 
Another interesting feature is that dry glue film has made it 
) possible to use the low-priced Western coniferous woods for core 
materials, and veneer over them with a thin face (1/; in.) veneer 
without showing the effect of the underlying grain in the coarser 
woods. Absence of moisture in the gluing is the chief factor in 
_ making this possible. 
\ There are many other advantages known and in the process 
of development, should space permit their discussion. 


Recent ApApTaTions OF PLywoop To New Propvucts 


The plywood industry has been eager to enter broader avenues 
of trade, but up to the present time the handicap of the standard 
_ wet glues has seriously retarded such expansion. The wide 
range of opportunities for these newer types of plywood are 
briefly suggested. 
1 Construction Trades. To the building trade, dry glue 
film products offer a new material heretofore limited. The 
)inereased use of Ferroclad materials to meet fireproof require- 
ments has demanded an adhesive which will not corrode the 
materials and will not crystallize and decompose under rapid 
\ change of temperature and humidity. The adaptation of ply- 
) 


TABLE 5 EFFECT ON PLYWOOD STRENGTH OF CONTINUED 
HEAT IN KILNS 


(After removal from hot press) 
Specific pressure in press: 285 lb per sq in. 
No pressure in kilns ' : 
Shear tests: Wet or dry, in lb per sq in. 
Wet tests after soaking in water at room temperature for 48 hr 
Temperatures: Deg C, automatically maintained 
Time: Hr and min 
Pressing (before kilning) Kilning (after removal from press) 
Tress Kiln 
temp., Shear Shear Time, Ming ake Shear Shear 
Cc dry wet H.—M dry wet 
1/,in., 3-ply, All Birch Plywood 
oO 3 130 Nil Nil 


Time, 
M. 


0—30 140 253 253 
Nil Nil 253 264 


Nil). Nil 176 275 
Dvir 264 

oO— 4 130 110 Hs 0—30 140 264 341 

116 Mie 264 341 

143 99 286 301 

12384 271 328 

oO— 5 130 160 112 0—30 140 286 286 
165-118 286 275 

187 143 281 264 

171 124 284 275 

0-6 130 206 176 0-30 140 220 204 
211 184 242 319 

242 184 330 319 

’ 220 ~=«181 264 310 
‘ O— 7 130 242 206 0—30 140 253 268 
253 209 308 297 

259 209 330 207 

251 208 297 287 


3/16 in., 3-ply, All Birch Plywood 


0—10 110 187 94 0—30 140 429 462 


220 140 506 462 

264 Nil 519 308 

224 “78 485 410 

Same Same Same Same 2— 0 90 358 266 
358 279 

352 232 

356 292 

Same Same Same Same 17— 0 90 341 365 
. 484 407 

462 462 

429 411 


3/i¢in., 3-ply, All Birch Plywood 


0—10 110 187 94 o—102 130 534 341 


220 140 484 319 
264 ~=—ONil 418 341 
224 78 478 334 


@ Re-pressed and re-heated by returning to press, a8 in case of under- 
plasticized plywood, where kilns not available. 
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wood to-the building trade demands that the bond shall with- 
stand all conditions of exposure, is not subject to vermin, ter- 
mites, mold and fungi attack, is fully waterproof, and resistant 
to rapid change in temperature, both wet and dry. A few sug- 
gested uses are as follows: 

Plywood flooring 

Flush and panel doors 

Veneer faced synthetic fiber boards 

Prefabricated unit houses 

Concrete forms 

Paneling with built-in electrical heating units 

Wall paneling. 


2 Automotive Industry. The automobile industry is always 
searching for material of the greatest strength with the least 
weight. While plywood has been considered by designers in 
the past, the lack of waterproofness and resistance to decomposi- 
tion by atmospheric elements, such as wet and dry decay, has 
retarded its adoption by the industry. The dry resin film has 
entirely overcome these difficulties and the designers are eager 
to specify plywood for the following items: 


Floors, sides, and roofs of refrigerated and ordinary trucks 

Roofs, floors, and interiors of buses 

Roofs of closed passenger cars 

Running boards and insulated floor boards 

Battery separators and containers. 

The plywood roof not only eliminates the deterioration now 
so common but supplies an unusual degree of rigidity. 

The plywood battery separator and container offer a new and 
repetitive market to the plywood industry. 


3 Ship and Boat Building. Due to the advent of the dry 
resin glue film the entire ship and boat building field is now open 
for plywood utilization. Waterproof plywood made possible 
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the fabrication of canoes, racing hulls and outboard motor boats 
insuring greater strength and reduced weight. The new water- 
proof plywood insures indefinite durability under continuous 
immersion, and the bond is not affected by oil, acid, or salt 
water. Some of the watercraft applications are: 


Canoes 

Outboard motor boats and racing hulls 
Ship bulkheads and partitions 

Marine wall paneling 

Ship furniture. 


4 Aircraft. Innumerable tests in commercial and aircraft 
laboratories, both here and abroad, have conclusively established 
that the bond in phenolic resin plywood is far superior in strength 
and endurance to any type of plywood heretofore used. 

The waterproofness of the bond, the absolute resistance to 
atmospheric elements, the tests that have proved the shear 
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value of the bond to be the highest ever recorded, and-the con- 
tinuous increment of strength or frequent absorption of moisture 
all strengthen the hold of plywood in aircraft industry. 

Plywood of unusual strength as thin as 3-ply, '/s in., is now 
produced commercially for aircraft fabrication. This type of 
material now available to the industry permits the manufacture 
of aircraft at a reduced cost, with less weight, with increased 
strength, with longer life regardless of atmospheric conditions, 
and with a higher factor of safety. This will lead to greater 
demands for plywood and will mean the ultimate increase of the 
shear value of the glue bond in the present government and 
commercial specifications. 

In addition to the major applications by industry, there are 
several outstanding combinations of dry glue film plywoods with 
synthetic sheet products which enter too many fields to permit 
such industrial classification. 

5 Asbestos Clad Plywood. In the development of asbestos 
slate, manufactured under various trade names, phenolic resin 
plywood has again found many new applications. 

Asbestos clad plywood, or plywood faced with asbestos slate, 
glued with dry glue film, has introduced many new possibilities 
for plywood for interior and exterior purposes. The slate can 
be had in various thicknesses from !/20 in. up, and can be nailed 
or riveted in a very satisfactory manner. As the slate is resistant 
to acids and alkalies, is non-porous, is incombustible, and has a 
smooth surface for paint or enamel, it may be used for either a 
face or a cross band. If used as a cross band, it can be faced 
with any type or thickness of fine veneers. With dry glue film 
unusually thin veneers can be applied to the slate without danger 
of staining the work. Tests show that the dry film bond is 
stronger than the slate. A few of its many adaptions might be 
listed as follows: 


Telephone booths 
Laundry equipment 
Air-conditioning units 
Electrical equipment 
Elevator cabs 
Railroad freight cars 
Ice cream cabinets 
Refrigerators. 


Wall paneling 

(Interior or exterior) 
Hospital interiors 
Fireproof partitions 
Greenhouse equipment 
Lavatories and shower rooms 
Laboratory equipment 
Kneading boards 
Steaming rooms 


Rubber Vulcanizing Directly on Plywood. The vulcanizing of 
rubber directly on plywood is a recent development which opens 
another field for the veneer and plywood industries. The rubber 
research laboratories have been eagerly searching for a suitable 
wood product on which rubber may be vulcanized. It was 
found that neither solid wood nor plywood glued with wet 
adhesives would answer the requirements of the vulcanizing 
process. 

Successful vulcanizing of rubber to wood demands that the 
wood shall not have more than 2 per cent moisture content, and 
that it must withstand a heat from 350 to 380 F, under a specific 
pressure of 250 lb for a time of 20 to 30 min. It is immediately 
realized that neither solid wood nor wet glued plywood can 
meet such exacting demands. A dry glue film bond does not 
deteriorate under this heat, and since it permits the manu- 
facture of plywood with not more than 2 per cent moisture 
content under 250 lb specific pressure, the new plywood answers 
fully all the requirements for vulcanizing rubber to wood. Some 
of the many uses for this type of material are as follows: 


Desk tops Running boards (auto) 
Rubber covered refrigerators Toilet seats 
Table tops :. Chair and stool seats 


Counter tops 
Floor boards (auto) 


Caskets 
Flooring and tile. 


Other Plywood Products. Dry glue film plywood applications 
for other new products, discussion of which space does not permit, 
might be enumerated as follows: 


Agricultural equipment Plywood milk racks 
Brush backs Archery bows 
Athletic equipment Golf shafts 


Artificial blackboards 
Wood-metal desk tops 
Flameproof plywood 

2- and 3-ply shipping containers 
Foundry pattern stock 


Fret molding plywood 
Tennis racket frames 
Hockey sticks 

Curved and bent plywood. 


The phenolic resin bond of fret moldings from 1/s-in. and 
8/,4-in., 3-ply plywood has no injurious effect on the cutter heads 
or punches and dies. It is surprising to note the volume that 
can be made without renewing the cutting edges. The character 
of the phenolic resin glue line does not dull saws, knives, and 
cutter heads. 


CONCLUSION 


The development of dry glue film has introduced a number 
of distinct and definite advantages which the wet glues have 
not offered. The result is that new possibilities and applica- 
tions for plywood are constantly being discovered and developed, 
and the horizon of the plywood industry is thereby greatly 
broadened. 


Nore: Various U. S. patents are applied for and pending on 
phenolic resin plywood, and prospective users should investigate 
carefully. 
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Forest Products 


Discussion 


Cuartus B. Norris.? This is a valuable description of the 
use of phenolic sheet glue, particularly the technical data in- 
cluded in tables and charts. As Mr. BE. H. Merritt has pointed 


3 Mechanical Engineer, Haskelite Mfg. Corp., Grand Rapids, 
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out,‘ the sheet glue process is only one of several processes of 
gluing made possible by the development of phenolic resins. 
Mr. Merritt favors a dry powder process. My company has 
} developed a process of gluing with which the sheet glue could be 
used or, with the addition of some of Mr. Merritt’s equipment, the 
dry powder could be used. However, we prefer using the 
phenolic resin in the form of a colloidal suspension in water. 
In the process we have developed, the glue is spread upon the 
veneers by means of a glue roll of the usual design. Special rolls 
and scraper bars are necessary, and the condition of the air sur- 
rounding the rolls has to be controlled. The veneer passes di- 
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rectly from the spreader into a simple surface drier which we have 
designed. High-velocity air is passed over the surfaces of the 
veneer in such a way that even thin veneers (1/¢4 in.) are not dis- 
turbed. Fig. 9 shows the glue spreader and the entrance end of 
the drier. Fig. 10 shows the exit end of the drier. After the 
veneers leave the drier they are ready for the gluing process. 

The gluing process is similar to the usual cold gluing process in 
that a stack of panels is formed and moved into the press. Thin 
electric heating elements are piled alternately with the panels, 


4“Taminating With Phenolic Resins,” Trans. A.S.M.E., paper 
no. WDI-55-3 (June 30, 1933). 
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so that each panel has two heating elements adjacent to it, one on 
each side. The stack is moved into the press, pressure is applied, 
and the heating elements are energized. The pressing operation 
takes about 20 min. Fig. 11 shows one end of the press and the 
piling mechanism for placing the heating elements upon the stock. 
There is a similar unpiling device at the other end of the press. 
Fig. 12 shows the press-control apparatus, including an auto- 
matic valve for controlling the pressure and an automatic device 
for controlling the temperature. The apparatus shown makes 
panels 8 ft long and 6 ft wide. It has an output of 3000 sq ft of 
3/,in, panel per hour. The full production possibilities of this 
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method of manufacturing panels are shown by plans of a larger 
machine, which we have completed. This larger machine makes 
panels 10 ft square at a rate of 22,000 sq ft per hr. 

The author describes the ideal wood adhesive as “one which is 
of a uniform quality, which can be laid or spread in an even coat- 
ing, which gives a perfect glue bond, and which can be applied 
economically.” There are also other requirements which it 
should meet. There is almost an infinite number of possible 
chemical combinations of phenol and formaldehyde. In making 
a phenol formaldehyde glue it is possible to end up with any one 
of a great number of these compounds by slight changes in the 
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temperature-time relations of the process. It is very unlikely 
that the manufacturer of the glue will ever make two batches of 
glue that are chemically identical. Luckily the user of the glue 
is not interested in its chemical nature but in its physical proper- 
Uniform gluing results cannot be expected unless the 
physical properties of the glue are uniform. The user should be 
in a position to test these properties himself. The form in which 
he receives the dry glue film makes this almost impossible. We 
have developed simple physical tests which can be applied to the 
colloid glue to tell whether the glue is suitable for our purpose. 

Regarding the uniformity of glue spread, in using a liquid glue 
we have at our command all the experience gained by the printing 
industry in spreading inks uniformly. We find that we can ob- 
tain very uniform spreads indeed. We also found that the dry 
glue film made by the author’s company is not uniform in thick- 
ness. Fifty measurements taken around the edge of a piece 18 
in. long and 5 in. wide show an average thickness of 0.00229 in., a 
maximum thickness of 0.0029 in., and a minimum thickness of 
0.0020 in. This is a variation of 30 per cent above the average 
and 12 per cent below. 

A further requirement of an ideal wood adhesive is that it 
should make.as good a glue joint at the center of a thick panel as it 
does near the face. If a thick panel is placed between the plates 
of a hot plate press, the wood near to the plates is heated much 
more rapidly than the wood near the center of the panel. There- 
fore a glue line near the face of the panel is subjected to condi- 
tions different from those of a glue line near the center of the 
panel. The glue must be such that a good glue joint is obtained 
under both these conditions. The author does not give any data 
showing the properties of dry glue film joints made at different 
rates of heating. 

Another requirement of an ideal wood adhesive is that it should 
give good results over quite a range of moisture content of the 
wood. A plywood panel should be glued up at a moisture con- 
tent which is the mean moisture content the panel will obtain in 
use. For example, if a general purpose panel is to be made, it 
may be used indoors or outdoors. Indoors in winter its moisture 
content will probably drop to 4 or 5 per cent. Outdoors it 
may reach a value of 20 per cent. The panel should be made, 
therefore, at a moisture content of about 12 per cent in order that 
the shear stresses developed in the panel at the low and high 
moisture contents will not be great enough to cause failure of the 
wood. Chart 2 of the paper shows that the dry glue film is 
suitable for this purpose. In our process the water is dried out 
of the spread colloid so rapidly by the surface drier that the mois- 
ture content of the wood is not materially changed. 

So far as we know there are only three reasons for the intro- 
duction of phenolic resin glues into the plywood industry: the 
greater strength of the glue joint, the greater water resistance of 
the glue joint, and the immunity of the glue to attack by fungi 
and bacteria. All other advantages claimed for the resin glues 
are obtainable with the older forms of glues. The author 
stresses the advantages of gluing with “dry” glues rather than 
“wet” glues, saying that the amount of water contained in glues 
cannot be kept uniform and that there is no possibility of regu- 
lating the influence of moisture upon the glued plies. We be- 
lieve that these statements are an exaggeration of the facts. 
We have been controlling these factors in the use of blood-albu- 
min glues for a number of years. 

The warning that very excellent hot plate presses are necessary 
for making plywood is timely. However, we do not agree with 
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the reason given regarding the extreme thinness of the dry glue 
film. 

An elementary discussion of the theory involved will show 
the reasons for the need of very excellent presses when any kind of 
glue is used. We can assume that the modulus of elasticity of 
wood is 80,000. If we assume also the variation in the press of 
0.003 in. that the author allows, we find that the variation in 
pressure upon a plywood panel 1/, in. thick is 960 Ib per sq in. 
That is, under normal gluing pressures certain parts of the ply- 
wood receive no pressure whatever. If it were not for the fact 
that wood becomes somewhat plastic when it is moist and hot, 
the steam platen method of gluing plywood could not be success- 
ful. It is a precarious method at best. The process we have 
developed has the advantage of the cold process method with 
regard to pressures. Under the same condition of 0.003 in. 
variation in the press, the variation in pressure is only 3 b per 
sq in., figured by the method outlined. 

The impression is gained from the paper that it is not practical 
to glue thick panels with the dry glue film if some of the glue lines 
are near the center of the panel. This is a real difficulty that is 
very often encountered with the use of phenolic resins. How- 
ever, this difficulty can be overcome, and in fact is being over- 
come in our factory. 

We are in perfect accord with the author that the phenolic 
resins make remarkable glues and that the dry glue film is a very 
good glue indeed. We think, however, that the use of the colloid 
overcomes some of the difficulties encountered in the use of the 
other forms of the resin and that our gluing method overcomes 
the difficulties inherent in the hot plate process. 


A. J. Norton. There are now three commercially developed 
methods of using phenolic resin glue lines. In addition to the 
film glue discussed by the author, there is the dry-powder method 
of spreading resins which was discussed by Mr. Merritt in the 
October meeting at Jamestown, and the method of spreading 
the synthetic resin in colloidal form as was brought out by Mr. 
Norris, of the Haskelite Company. 

The colloidal method of spreading has proved satisfactory in 
large-scale production and lends itself to commercial operation 
very satisfactorily. The spreading equipment is slightly differ- 
ent from that already used, and hot plate presses, steam or 
electric, are the same as are used in any hot press gluing opera- 
tion. The colloid lends itself to more widely diversified types 
of application, due to the ease of spreading low or high amounts 
of resin, and while it was not brought out at the meeting, we 
have since shown that the colloid works successfully over a 
lumber core under usual operating conditions. It was brought 
out at the Chicago meeting that the use of the colloid on sheet 
lumber might develop a panel core which would compete actively 
with the lumber core in construction work. 

Dry resin and colloid are manufactured by General Plastics, 
Inc., and these products have sold under the trade name of 
Durez. 

With the three methods of using phenolic resin glue line, and 
with the merits of such a glue line definitely established, there 
seems to be no doubt of a distinct and revolutionary change 
taking place in the lumber field. 


5 General Plastics, Inc., North Tonawanda, N. Y. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Noise Reduction in Cabin Airplanes 


By PRESTON R. BASSETT! anp STEPHEN J. ZAND,? BROOKLYN, N. Y. 


Any new form of transportation generally brings some 
new sort of nuisance to the persons using it. Air trans- 
\ portation, the newest and fastest form of travel, is no ex- 

ception, and the chief deterrent to air travel is the noise to 
which the passengers are subjected. As it is impossible to 
discuss any physical phenomena without having measur- 
ing units and methods of securing them, a description of 
the decibel scale as well as a discussion of the commonly 


used noisemeter is given, including a description of a most 


inexpensive, simple, and yet very reliable tuning-fork 
method. 


N OISE accompanies all forms of 
transportation. Over 90 per cent 
of the noise of a city is caused by 

transportation—trucks, trolley cars, trains, 
etc. In general, the amount of noise is 

. proportional to the speed of transporta- 

tion. The fact that the speed of trans- 
portation has been increasing so rapidly 
in recent years has brought about an in- 
crease in noise level in cities and in high- 
speed transportation to a point where the 
public has become very conscious of it. 
The traveling public remained uncomplain- 
ing and almost unaware of the noises of 
traveling until, with increased speed, these noises built up to 
what may be termed the discomfort level. When this discomfort 
level is reached, the traveling public then becomes acutely aware 
of it and tends to avoid such forms of transportation. 

The airplane has been for some years the most rapid form of 
transportation, but only recently has it been making a bid for 
passengers. No attention has been paid to noise, however, until 
now. Pilots and early passengers took it for granted that the 
noise was just an unavoidable evil that went with flying and high 
speed. However, when air lines in this country started to go on 
schedules and carrying many passengers, who flew as a quick 
method of transportation rather than merely for a thrill, then the 
passengers began to complain. They not only complained, but 
many have decided that, except in emergencies, the discomfort of 
air transportation is not worth the speed, and therefore have 
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returned, whenever possible, to the use of more comfortable 
forms. The fact that air transportation is actually losing pas- 
sengers because of discomfort is a challenge to the aviation indus- 
try. There are now very many people who are air-minded, but 
the majority cannot be converted to use air transportation until 
it is brought out of the discomfort level. 

It is of course impossible totally to eliminate noise in any form 
of transportation. It is fortunate that there is no demand for 
complete elimination of noise. The demand is merely to keep 
the noise under the discomfort level. There is a very broad re- 
gion of noise levels which can be termed as comfort level, and 

all that is necessary is that the general 
level within the airplane be kept in this 
region. 

Lord Kelvin once said: “If you can 
measure that of which you speak, you 
know something of your subject, but if 
you cannot measure it, your knowledge 
is unsatisfactory.”’ Only in recent years 
have means been found to measure noises 
quantitatively and qualitatively. A new 
unit of noise, the decibel, has come into 
common usage. Instruments for the 
measurement of noise levels in decibels 
have been developed rapidly to a stage 
where accurate measurements may be 
made with portable apparatus. 

The measure of the sensation of loudness is not easy to define. 
The difficulty may be circumvented in a way indicated by Weber’s 
law: ‘The increase of stimulus to produce the minimum per- 
ceptible increase of sensation is proportional to the preexisting 
stimulus.”? That is, commencing with a certain sound in- 
tensity, the increase of intensity 5£ which produces a noticeable 
change of sensation 6S may be measured. From Weber’s law, 
Fechner derived the relation 
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or S=klogH# 

where S is the magnitude of the sensation, H the intensity of the 
stimulus, and k a constant. While obviously it is not possible to 
measure S directly, there is no difficulty in determining the ratio 
5E/E as a function of HE. The simplest way of measuring this 
ratio is by means of electrical apparatus where the acoustical 
energy is transformed into electrical energy. The unit commonly 
used in this country for such measurement of loudness is the deci- 
bel,‘ a unit which may be said to be, approximately, the smallest 
change in the level of sound which the normal ear can detect. 
More accurately, as seen from the Weber-Fechner relation, this 
unit may be defined as a ratio of intensities. Hence, if the in- 
tensities of two sounds are in a ratio of 10 to 1, they differ by 10 
db; if the intensities are in a ratio of 102 to 1, i.e., 100 to 1, the 
sounds differ by 20 db; and so on. In general, therefore, the 
number of decibels measuring the difference between two sounds 
is ten times the Briggs logarithm of the intensity ratio, db = 
10 log (f,/I2). It is obvious, therefore, that any decibel scale 


3 Wood, ‘‘A Textbook of Sound,” Macmillan, New York, N. Y. 

4 See “The Decibel,” by S. J. Zand, Sperryscope, vol. 6, no. 11; 
“The Decibel,” by S. J. Zand, Aeronautical Engineering, Feb., 1933, 
vol. 8, no, 2, p. 19. 
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requires the more or less arbitrary adoption of some definite zero 
point from which the intensity or power ratio should be measured. 
Omitting this reference may cause misunderstandings. 

The first scale used by the Noise Abatement Committee of 
New York City fixed the zero at 4.4 X 10~'® watts per sq cm. 
The scale we use has its zero at 1 millibar sound pressure, which, 
under normal atmospheric conditions, is approximately 24.4 X 
10—16 watts per sq cm. 

Recently, the Society of Acoustical Engineers of America has 
adopted a new zero equal to 1 X 10~1° watts per sq em, or 0.207 
mb of sound pressure. 

Thus, 90 db above 1 X 1071 watts is equivalent to 83 db 
above 4.4 X 107! watts and 76 db above 1 millibar. Through- 
out this article, the decibel-above-1-millibar scale is used. 

While loudness appears to the ear to increase by simple arith- 
metical progression, the sound energy increases by logarithmic 
progression, rising from ten to ten billion (10! to 101°), while 
loudness goes from ten to one hundred (10 to 100). This peculiar 
relation must be clearly understood, and hence we have gone into 
considerable detail to impress that decibels per se have no sig- 
nificance whatever and are only convenient symbols for express- 
ing aratio. The difference between 10 and 20 miles is the same 
as between 90 and 100 miles. But between sounds of 10 and 20 
decibels above the threshold of hearing there is an intensity 
difference of 90, while the difference between sounds of 90 and 100 
decibels is 9 billion units of energy. As a consequence of this 
relation, it is at once seen that doubling the intensity does not 
double the loudness, but merely increases the loudness by 3 db. 
Therefore, two sources, each producing 100 db, give a resultant 
noise of only 103 db instead of 200 db. Conversely, if an air- 
plane cabin has a noise level of 100 db and we take steps to re- 
duce the sound energy to one-half, we will have reduced the noise 
level to only 97 db, hardly a noticeable achievement. It is this 
discouraging fact that makes sound reduction so difficult. 

While the measurement of acoustical energy by mechanical 
means is not impossible,® it has been found highly impracticable, 
especially in measuring moving vehicles. This is due to the ex- 
tremely small amount of energy which produces an auditory 
sensation. Thus, speech of a level of 60 db would appear to have 
a lot of energy, but measurements indicate that the average 
power of a speaker is between 25 and 50 microwatts or there- 
abouts. Thus, it would require 15 million persons speaking 
simultaneously to produce the equivalent of a single horsepower 
of acoustical energy. Obviously, then, the only method of 
measurement will be the electrical, by which the incoming sound 
wave produces a corresponding electrical variation. These are 
amplified in a known and always constant ratio by means of 
vacuum tubes, and the amplified output is a magnified but faith- 
ful reproduction of the acoustical disturbance which is measured. 

The action of the noise meter, a simplified diagram of which is 
shown in Fig. 1, starts with a microphone, generally of the dy- 
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namic or condenser type, which picks up the sound wave and 
produces its electrical equivalent. The electrical impulse is then 
amplified, generally by means of a high-gain and high-grade re- 
sistance-coupled amplifier. (Great care must be exercised in 
order not to introduce distortion.) This magnified output is then 
rectified, finally actuating a meter causing the pointer or hand of 
the indicator to move along the meter scale to a point determined 


5 Lord Rayleigh, ‘‘Theory of Sound,” vol. 1, Macmillan, 1926. 


by the intensity of the sound wave. ‘The figure indicates that 4 
noise meter is also supplied with an attenuator and a weighing 
network. The attenuator enables the observer to control the 
amplitude of the electrical wave by large steps, so that when a 
very loud sound is encountered which would drive the needle off 
the scale of the meter, a known amount of attenuation may be 
inserted, bringing the needle back into the range of the meter. 
The actual reading is then the sum of the attenuator setting and 
the meter reading. The weighing network is designed to render 
the noise meter more sensitive, and vice versa, so that the pitch 
of a tone will automatically affect the meter in the same way that 
it affects the ear. While this is only possible in rough approxi- 
mation, owing to the complicated characteristics of the ear, it can 
be done with a reasonable amount of precision for all practical 
purposes. 

In addition, a noisemeter may contain a series of band pass 
filters which may be thrown in and out of a circuit by means of a 
convenient selector switch or plug-in arrangement. ‘The action 
of such filters is to suppress any wave the frequency or pitch of 
which does not lie in the particular frequency region passed by the 
filter. One filter passes waves of only very low pitch, having a 
frequency of, say, 64 cycles or less; a second passes frequencies 
from 64 to 128, ete. With six or eight such filters an “octave” 
analysis is possible—very valuable information which will 
generally facilitate the working out of proper acoustical treat- 
ments. 

Naturally, noise meters and frequency analyzers are expensive 
and generally bulky and heavy. In order to use them it is 
necessary to have the vehicle to be tested at disposal for a certain 
amount of time. For a rough check, with skilled observers as 
close as +2 db, there is a very simple method which is based on 
the masking effect of one sound against another. The only tool] 
necessary is a calibrated tuning fork and a watch. The ob- 
server strikes a tuning fork (256 or 512 cycles) with a constant 
force and brings the fork in front of his ear canal, moving the 
fork slightly to create a warble. At the same time, he observes 
the second hand of a watch (a stopwatch is preferable). He ob- 
serves the time until the noise of the fork is masked by the 
noise to be measured. Suppose the fork held in such a position 
near the ear canal makes a noise of 90 db, and from the calibra- 
tion of the fork it is known that it decays at the rate of 1.5 db per 
sec. Then if the fork remains audible only 20 sec, it will follow 
that the noise at this frequency is approximately 90 — (1.5 x 
20) = 60 db. If measurements of this type are made, using a 
number of forks, a surprisingly good picture of intensity and fre- 
quency distribution can be gathered with the simplest instrumen- 
tation. 

Returning now to the relationship of speed to acoustical com- 
fort, we may now study it on a decibel scale. Fig. 2 has been 
prepared in a unique way to show both methods of determining 
noise levels; decibels as measured on the noise meter are plotted 
against masking time of a tuning fork. All readings on this 
chart were obtained by the authors on various tests and trips 
within the last year. The readings include every form of trans- 
portation from sailboat to open-cockpit airplane. Included are 
readings on both American and European subways, trains, and 
passenger airplanes. The grades of comfort are indicated ap- 
proximately at the right of the chart. 

Although the high readings on the chart are all airplanes, it is 
to be noted that the newer soundproofed airplanes have moved 
down into the region of subways and trolley cars as regards noise 
level. 

To show more clearly the relation of sound level to speed, Fig. 
3 presents several curves of different transportation units, plot- 


6 V. O. Knudsen, ‘‘Architectural Acoustics; Method of Measuring 
Noise,’’ p. 255. 
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both high and low fre- 


quency, with the low 


frequency predominant 
Low-frequency noises 


(4) 


are very difficult to deal 
with because most ma- 


terials are much better 


barriers to high-pitch 
sound than to low- 


pitch 


(5) The power plant is at- 


tached directly to the 
structure which con- 


tains the cabin, which al- 
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lows vibration from the 
engine and propeller to 


be transmitted by direct 
solid conduction into 


the cabin 
On multiengine  air- 


(6) 


planes, the possibility of 


+ 


beats of low-pitch char- 


D acter and high intensity 

72 ao ae 2b 3e 740 Be 7k 7tho ipo bo 7640 7bdo 70 iho is very troublesome, 

cag cowee saery | |__| a aan ae gti Aesbcal eae ee with no direct remedy 
Q =f Bie es ee toe Teen as yet in sight 

[a oe ee ai He (7) Weight limitations are 


Fie. 3 Dracram or Sprep Versus NOISE 


ting speed against decibels. A shows that the noise of an auto- 
mobile increases approximately as a straight-line function of its 
speed. B gives the increase of noise level in three different types 
of transport airplanes with increased engine rpm. It is interest- 
ing to note the convergence of the airplane curves toward some 
point above 110 db. It is suspected that this is due to the pro- 
peller-tip speed, which increases in noise output rapidly as it 
approaches the velocity of sound, and produces so much noise 
at these high velocities as to completely mask the engine noises. 
Hence, all airplanes would have about the same maximum noise 
if they could be pushed to the point of having tip speeds of 1100 
fps. Some military and racing ships reach this point, and, as is 
well known, they make a terrific and penetrating noise, measur- 
ing well over 110 db. 

Chart C gives the increase of noise level in a Pullman car with 
increased speed. It is to be noticed that in this case the increased 
noise is not caused by the engine, but by local noises. It is ap- 
parent that the train has an advantage over an airplane in that 
the power plant or engine is so far removed from the passengers 
that its noise is attenuated to a harmless level in the passenger 
compartments. Furthermore, if soundproofing is still found de- 
sirable, additional weight is easily permissible for the purpose. 
In the airplane, there are, on the other hand, severe weight 
limitations. 

Chart D gives the relationship of noise and engine speed of a 
standard Wright Whirlwind engine. When it is realized that 
one, two, or three of these noise-producing units must be placed 
in the close vicinity of the passengers, it is apparent that noise 
reduction in airplanes is a most difficult undertaking. 

The following list covers the handicaps under which the acousti- 
cal engineer must work to reduce the noise in aircraft: 


(1) The airplane is the fastest vehicle, and hence inherently 
the noisiest 

The acoustical disturbances are very near the travelers 
(engine, propeller, exhaust) 

Frequency analyses show that the noise of an airplane 
is of a very complex character, containing sounds of 


(2) 
(3) 


very severe, and it is a 
known fact that sound 
insulation is a direct function of mass.” 


In April, 1932, the Sperry Gyroscope Company started on the 
study of noise reduction in airplanes. Before any program of 
research could be established, it was necessary to determine what 
had already been done or written in this field, and then to deter- 
mine for ourselves the sound levels in existing airplanes. 

Available data were very few. The work of Dr. W. 8S. Tucker 
in England (A.M.I.E.E., January, 1928) and the Bureau of 
Standards (Research Paper No. 63, 1929) in this country were 
about the only valuable contributions that we found. The 
former showed the important part played by the propeller in 
noise production and the necessity of slow tip speeds. The 
latter showed the extreme difficulty of obtaining a good sound 


7 Bureau of Standards Research Paper no. 63, 1929. 
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insulator without excessive weight; in fact, it proved in a very 
disconcerting way that most sound insulators were only as good 
as they weigh. 

The years 1930 and 1931, apparently on account of the de- 
pression, produced nothing in this field. So 1932 started from 
scratch. We first checked up a number of airplanes, paying 
particular attention to large transport planes. The tests were 
carried out either by the use of a noise meter (see Fig. 4), system 
Free, type 123, a commercial apparatus built by Dr. E. E. Free 
to our specifications for airplane use, or by the tuning-fork 
method. In many cases both methods were used to form a useful 
check. Generally, the tests were carried out at cruising speed, 
but in some cases at varying rpm, the latter check to establish 
relations of speed versus noise level. We took at least 20 to 40 
readings in selected places along the cabin, the arithmetical mean 
serving as a basis of comparison of the noises of one airplane 
against the other. 

As the research program was started in cooperation with 
Eastern Air Transport, Inc., we checked their ships first. This 
system owns a fleet of five Curtiss Condors, built about 1927 and 
1928, which were scheduled for a complete overhaul that was to 
include acoustical treatment. Tests were made before and after 
this rebuilding. The Condor is an example of a relatively quiet 
ship. It probably was the quietest transport at the time it was 
put in service. The following summary of our tests will give a 
good idea of the noise levels encountered in this type of ship: 

The E.A.T. Condor No. 2, an 18-passenger biplane, with Con- 
queror V-12 engine, geared three-blade metal propeller, speed 
about 110 mph. The exhaust of the inside bank of cylinders 
was piped on the near side of the nacelle. The average noise 
level (arithmetical mean of 31 readings) was 98.5 db; the highest 
was 102 db, near the fourth window from the front of the ship; 
the lowest was 88 db, in the pilot’s cockpit. 


The E.A.T. Condor No. 5, which was the same as No. 2, with 
the exception that here the exhaust was piped on the far side of 
the nacelle. The average noise level (arithmetical mean of 36 
readings) was 94.5 db; the highest was 99 db, near the last win- 
dow; the lowest was 86, in the pilot’s cockpit. 

The pitch in both ships was decidedly in the lower octaves, 
lower than 150 cycles, but a great variety of high-pitch noise was 
also present, coming from loose accessories such as ash trays, 
lamp shades, ete. Hissing sounds, about 2000 to 5000 cycles, 
came from the individual ventilators. 

Before proceeding further with other tests, let us now analyze 
the two ships. Fig. 5 shows a longitudinal and a transverse 
curve of noise distribution. 

It is at once apparent that one side of either ship is more 
quiet than the other. The reason is very simple. It is more 
quiet, as it should be, on the side where there are two seats in a 
row. The absorptive area is greater; hence this side is less 
noisy. The fact that No. 5 ship is generally quieter than No. 2 
is due mainly to the exhaust manifold arrangement. In No. 5, 
the exhaust is farther away from the side of the ship and is con- 
cealed behind a large and heavy mass, the engine. Therefore 
the noise cannot reach the walls of the cabin as easily as on No. 2, 
where it is on the near side. Both ships show a decided drop in 
noise level in the pilot’s cockpit, which is not at all what one 
would expect. Upon analysis, it is not extraordinary if one con- 
siders the fact that the cockpit of the Condor is far forward of the 
propeller and engine, the chief noise makers. 

The Kingbird, with two radial direct-drive engines and a two- 
blade propeller, a six-place high-wing monoplane, speed about 
115 mph. At the time of the tests, this particular ship had 
double windows. The highest reading was 100 db, in the pilot’s 
cockpit and first right seat; the lowest, 94 db, rear left seat; the 
average, 99 db. 
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An interesting observation can be made here regarding the 
noise distribution. On this particular ship, the propellers and 
the engines are quite ahead of the cabin proper and rather near the 
cockpit. Consequently, the center of disturbance is ahead of the 
passengers and the noise decays about 6 db when measured in the 
rear of the airplane. Probably the most striking and important 
observation that was made on this airplane was on a retest of the 
same airplane after removing the double windows. With single 
windows, the average noise level was still 99 db. The double 
windows added weight, but were totally ineffective. At first this 
seems paradoxical, as it is known from the experience of archi- 
tectural acoustics that double windows will materially quiet 
down a room where they are properly installed. 


Fic. 6 Suwar-Typr SHock ABSORBERS AT THE ENGINE Mount 


Let us now compare the two cases. In a building located on a 
busy thoroughfare, we have an outside noise level of about 65 
db. The transmission loss of the masonry in a well-constructed 
building may be as high as 40 db, thus bringing the room without 
windows down to a noise level of 25 db. According to Sabine, a 
single window will have a transmission loss of about 30 db. So, 
if a single window is inserted in the wall of the room, more 
noise would be transmitted through it than through the wall, 
the room noise level would increase to 35 db, and the window 
would be properly blamed. If we install a double window of 
such characteristics that it will have a transmission loss of 40 db, 
then the wall and window will have a uniform opacity to sound 
and the room will show a remarkable improvement. Now, with 
the airplane, the case is reversed; the window is a better sound 
insulator than the thin cabin walls. The best cabin wall will have 
a transmission loss of about 25 db, so that no matter how opaque 
the windows are, the sound will come through the walls. Instead 
of using double glass for a local sound insulator (weighing as 
much as 8 lb per sq ft), if the same weight is spent for absorbing 
materials within the cabin, much better results will be obtained. 

The result with double windows against single windows has 
been checked by the authors in the case of another airplane and 
fully confirmed our idea of the fallacy of this construction. 

We tested next the Ford Tri-Motor. This airplane, no longer 


in production, is an example of what complete neglect of acoustic 
considerations may produce. The highest reading was 118 db 
in the pilot’s cockpit, the highest reading we have obtained in a 
passenger ship. The lowest was 104, near the rear. The average 
was 108.5. Prolonged exposure to this high level of sound can 
temporarily injure the sense of hearing. Ringing of the ears and 
physical discomfort persist for several hours after being subjected 
to this noise level. A long period of subjection to this level 
causes permanent hardness of hearing. 

This airplane had no soundproofing whatsoever. This is 
especially true in the inside of the cabin, where not a piece of 
fabric or other fibrous material is introduced, and the noise re- 
verberates constantly. Further, no attempt has been made on 
this airplane to prevent vibration from the engines reaching the 
passengers. Thus, noise is transmitted in the cabin by solid 
conduction. The propellers, being of the two-blade type, create 
a greater amount of noise than would a three-blade one. The 
center exhaust manifold runs under the floor of the airplane, 
where its pulses can be directly transmitted to the passenger 
compartment. 

It has been further observed on another Ford Tri-Motor that 
the noise level was about the same as on the former. Further, 
the pitch is between 300 and 700 cycles, thus corresponding to the 
average pitch of human speech, and consequently no conversation 
is possible. 

A different type of Tri-Motor airplane was also tested, and it 
was found that the noise level was around 100 db. This par- 
ticular ship has its engine mounted by means of rubber shock 
absorbers. While no particular scientific attempt was made in 
soundproofing, the noise is less than in the Ford Tri-Motor, which 
is attributable to the discontinuity of surface between the engine 
and the fuselage. Owing to the very flexible engine mounts, the 
propellers precessed and created highly unpleasant beats, some 
of them lasting as long as 4 sec. A later type of the same air- 
plane shows a certain improvement. The noise level was about 
96 db and the pitch between 400 and 600 cycles, and in this air- 
plane conversation was possible by shouting. 

A very modern high-speed low-wing all-metal monoplane with 
a single-geared two-blade propeller was tested. This airplane 
was one of the first commercial high-speed airplanes in which an 
attempt was made to sound-insulate the ship scientifically. 
The highest noise level at a speed of 175 mph was about 96 db, 
the lowest was 86 db, and the noise distribution was unusually 
uniform. This ship at the original test had double windows. 
When these were removed, no appreciable decrease in noise level 
was experienced. 

One of the authors was fortunate enough to fly from London to 
Paris in the new 44-passenger Handley-Paige Heracles. This is a 
four-engine biplane of a speed of about 90 mph, in which the 
cabin is divided into two compartments—one far ahead of the 
plane of the propellers and the other far behind. The space of 
the greatest acoustical disturbance is reserved for mail, for cargo, 
and the steward’s compartment. This airplane uses four-blade 
wooden propellers, and was the quietest airplane flying up to 1933, 
asfaras we know. The noise level was found to be around 78 db. 
Of course, when saying that it was the quietest airplane, we must 
make reservation that this type of airplane would be entirely 
unsuitable for American air transportation, where speeds of 90 
mph are considered obsolete. The design of this ship is of great 
interest in showing how much may be accomplished by merely 
removing the passengers as far as possible from the plane of the 
engines and propellers. 

A pair of wooden propellers were built and tested on the E.A.T. 
Condor No. 4. First, we tested it with the standard three-blade 
and then with the four-blade. The average noise with the three- 
blade propellers was 96 db, and with the four-blade 92.5 db, a 
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reduction which our calculations predicted.* With the wooden 
propeller, we found that beats and momentary vibrations due to 
sudden changes of azimuth lasted but 2 to 3 sec, while with the 

)metal propeller we could hear and feel them as long as 6 to 8 sec. 
This is again natural, if one considers the fact that the damping 
constant? for wood is 0.022, while that for aluminum is 0.0034 
and for steel 0.0023. Hence, any vibration will be damped out 
quicker in a wooden propeller than in a metal one. 

\ Numerous other airplanes and special tests have been made 
by the authors during the past year, but the foregoing examples 
have all been selected to show certain factors of the problem and 
to make the following list of principles more easily understand- 
able. From these tests, we can conclude certain basic features to 
be included in the design which will make an airplane inherently 
more quiet. 


(1) The engines should be mounted as far ahead of and as 
far away from the cabin as practical, consistent with 
good aerodynamic efficiency 

(2) Three- or four-blade slow-moving propellers are better 
acoustically than two-blade fast-moving propellers 

(3) Great care must be exercised to prevent the transmis- 
sion of vibration to the cabin by solid conduction, thus, 
vibration control through the use of properly designed 
vibration insulators is imperative 

(4) Double windows are at present of no value in an airplane 
cabin 

(5) The cargo compartment should be located preferably in 
such a position as to form a barrier to the source of 
noise 

(6) Exhaust manifolds should be located at a point as far 
removed from the cabin as possible, and either wing or 
nacelle should be used as a sound shadow between ex- 
haust and the cabin 

(7) The cabin should be 
as tight as possible, 
as small leaks will off- 
set the value of 
elaborate acoustical 
treatment 

(8) Ventilating and heat- 
ing systems should be 
made quiet by filter- 
ing out the noise be- 
fore admitting the air 
to the cabin 

(9) The inside of the 
cabin should be 
covered with a mate- 
rial which will absorb 
as much noise as pos- 
sible; the material 
should be particularly 


Se. 
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8 Davis, in his paper on 
“Noise,” Jl. Royal Aero. Soc., 
vol. 36, no. 224, claims that a de- 
crease of 100 fps in tip speed will 
give a reduction of 10 db of the 
noise generated by the propeller. 
The N.A.C.A. has*worked out 
the relation dbprop. = 40 to 60 
(logie V2/V1), where Vi and V2 
are the tip velocities. 

9 See Kimball, ‘Vibration Pre- 
vention in Engineering,’’ J. 
Wiley, p. 133; S. J. Zand, “Vi- 
bration of Instrument Boards 
and Airplane Structures,” S.A.E. 
Journal, November, 1932. 
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effective in the absorption of the predominant frequency 
of that particular airplane 

(10) All accessories, such as lamp shades, ash trays, cur- 
tain rods, ete., should be fastened very securely to the 
structure to prevent acting as localized sound sources 

(11) Avoid the use of large unsupported panels of thin sec- 
tion, as they act as loud-speaker diaphragms 

(12) Blanket materials which will pack are not suitable 
and should be avoided. 


While all of the foregoing points are self-evident, the last one 
needs amplification. Some sales people have products which are 
excellent when used under different conditions than on the air- 
plane. Not knowing what vibration and constant changes of 
acceleration will do to this material, they convince the airplane 
manufacturer to use it. 

Recently, in rebuilding one of Eastern Air Transport’s ‘Con- 
dors”’ (1928 model), it was interesting to discover what time and 
vibration had done to the old sound-insulating mattress when the 
fabrie was removed. We found that about 75 per cent of the 
blanket was pulverized and packed on the sides and bottom of the 
airplane, leaving whole areas without treatment. Therefore, 
only materials which will not pack should be used on airplane 
soundproofing work. 

And so Condor No. 3 was rebuilt, and we made the cabin a 
tight shell, using a newly developed material called Onazote,!° 
an extremely light exploded and molded rubber compound 
(weight 4.75 lb per cu ft, impact strength 75 lb per sq in.). Fur- 
ther, we endeavored to improve the reverberation control by the 
use of certain fabrics and a fluffy backing of same. The venti- 
lating system was also changed, and all doors were gasketed. 


10 The inventor of this material is Mr. C. L. Marshall, Montclair, 
N.J. The material, while excellent in many respects, is not available 
commercially as yet. 
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Being an old ship, it was impossible to change the structure, and 
naturally the results were far from perfect. Nevertheless, the 
noise level was brought down from 97 to 85 db in the front of the 
cabin, the center of the cabin showing an even greater improve- 
ment. This was the first ship in which it was possible to talk 
without much difficulty. 

Since that time, other Condors have been rebuilt, using similar 
methods but different materials, with very gratifying results. 
On most of the ships it was possible to reduce the noise level to 
about 85 to 88 db. 

When plans were made for the new Condors, Model XT-32, we 
were retained for the acoustical work at the beginning of the 
project. Thus, it was possible to incorporate in the basic design 
many features contributing to quietness. The location of the 
propeller was chosen so that its plane passes between the cockpit 
and the cabin proper, intersecting the radio compartment. This 
room is separated from the cabin by a bulkhead and fully gas- 
keted door of generous dimensions. This bulkhead was treated 
with an acoustical material which would be particularly suited 
to absorb frequencies generated by the propeller. The engines 
were mounted on rubber shock absorbers of such characteristics 
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and so located as to give the power-plant assembly the lowest 
natural frequency far removed from the operating range. We 
used shear-type rubber shock absorbers, which give the maxi- 
mum vibratory isolation with minimum weight (see Fig. 6). The 
whole cabin structure is insulated from the main structure by 
means of specially designed felt shock absorbers (see Fig. 7). 
The cabin was built of a panel made of a combination of two ma- 
terials giving a transmission loss of about 25 db at 300 cycles, 
and weighing less than 0.4 lb per sq ft. The windows are float- 
ing, which was accomplished by the use of a radically different 
construction in mounting the pane to the frame. Further, we 
used a special non-shatterable glass which was made in accord- 
ance with our specifications. This glass is lighter, acoustically 
as efficient as any standard glass, and its vibration-damping co- 
efficient is ten times higher than ordinary safety glass. The 
result is that these windows do not “‘sing.” 

The floor was not specially insulated because the baggage and 
mail compartment was located underneath it, and this has such 
considerable mass that it acts automatically as a sound barrier. 
The cabin framework was insulated from the main structure by 
means of a felt shock absorber (see Fig. 7). 

The ventilating systems, both intake and exhaust, were pro- 
vided with acoustical filters of such characteristics as to attenuate 
the predominant frequencies. 

The reverberation control included such refinements as the 
making of the parcel rack of a blanket material which acts as an 
efficient sound absorber (see Fig. 8). 

The exhaust manifolds, tuned to unison, were located under the 
lower wing, their clamps being insulated from the structure by 
asbestos gaskets. 

Attention was paid to all details, and the result was a noise level 
of about 78 db at cruising speed of 145 to 150 mph with four 
passengers and no baggage. Fully loaded, the noise level dropped 
to about 76 db (at 150 mph), or no more than in the average rail- 
road car (at 60 mph). Conversation is fully possible, and radio 
loud speakers installed in the cabin can be distinctly heard and 
enjoyed by the passengers. 

For quick reference, all the ships tested have been listed in 
Table 1, which gives also certain basic features of these ships. 


Conversation level Remarks 


Possible with difficulty 

Possible with normal voice 
up to 3 to 4 ft 

Possible with certain effort 

Possible with normal voice 
up to 3 to 4 ft 

Possible with certain effort 

Possible with great diffi- 
culty 

Possible with great diffi- 
culty 

Possible with difficulty 

Possible with difficulty 

Impossible, not even shout- 
ing 

Impossible, not even shout- 
ing 

Possible with great diffi- 
culty 

Possible with effort 


Possible with little effort 
Possible with some effort 


Possible in normal tones; 


with raised voice, full 


TABLE 1 DIFFERENT AIRPLANES COMPARED 
(Noise level above 1 mb) 
Average 
noise 
; Speed, level, P 
No Airplane Power plant mhp Soundproofing material 
1 Condor No. 2 Conqueror 2-geared 3- 
blade propeller 110 98.5 Dry zero blanket 
2 Condor No. 2 Same 110 86.0 Seapack-plywood and Sperry 
soundproofing 
3, Condor No. 3 Same 110 96.5 Dry zero blanket 
4 Condor No. 3 Same 110 85.0 Onazote and Sperry sound- 
proofing 
5 Condor No. 5 Same 110 94.5 Dry zero blanket 
6 Kingbird 2 eee J-6, direct 2- 105 99.0 Dry zero blanket 
ade 
7 Kingbird Same 105 100.0 Dry zero blanket 
8 Condor No, 4 2 Conquerors, 3-blade 112 95.0 Dry zero blanket 
geared propeller 
9 Condor No. 4 2 Conquerors 4-blade 107 92.0 Dry zero blanket 
wooden propeller . 
10 Ford Wasp 3 direct, 2-blade 112 110.0 None; i no reverberation 
contro. 
11 Ford Same 115 106.0 None; no reverberation 
: control 
12. A tri-motor 3 radials, direct, 2- 105 100.0 Unknown; no reverbera- 
; _ blade tion control 
13 A tri-motor Same 110 98.5 Seapack; poor reverbera- 
. tion control | 
14 A high-speed low-wing Radial geared 2-blade 165 88.0 Downy material; poor re- 
monoplane propeller verberation control 
15 A high-speed low-wing Same 190 90.0 Same 
monoplane 
«<s 
16 Curtiss Condor XT-32 2 geared Cyclones, 3- 150 76.0 Seapack, insulite, special 
blade propeller cement, Sperry sound- 


proofing 


length of the cabin 


Test before overhaul 
After overhaul. The 86 
is with ventilators 

closed; when open, 92 db 

Before overhaul 

After overhaul; added 
weight 285 lb 

Test before overhaul 

Test after overbaul 


Test before overhaul 


Decidedly different pitch: 
less vibration 

Highly unpleasant, vibra- 
tion excessive 

Highly unpleasant; vibra- 
tion excessive 


Spectrum of noise in the 
neighborhood of human 
speech; ventilating sys- 
tem noisy 

With improved ventilating 
and cabin interior this 
airplane could be made 
about 10 db more quiet 

The most quiet ship flying 

at 150 mph 
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Some Studies on the Flutter of Auirfoils 
and Propellers 


4) By W. HAROLD TAYLOR,! ANN ARBOR, MICH. 


' 

During the last few years there has been considerable 
interest in the study of vibration of airfoils and propellers, 
both in Europe and in this country, and most of the litera- 
ture regarding it is of fairly recent date. A complete solu- 

1 tion to the problem has not yet been attained, the compli- 
cated mathematics having proved too involved. Again, 
some of the factors are only now the subject of research. 
This paper deals with a few of the many interesting phases 
of the problem. Because of the complexity of the mathe- 
)matical expressions for the airfoils in common use, a flat 
_ plate has been used. It has also been assumed that the 
angle of attack in the range to be covered is below the 
burble point and that the amplitude of the vibrations is 
‘considered small. The paper is divided into three main 
parts: (a) A theoretical development of the deflection 
curve of a cantilever flat bar of uniform cross-section, by 
- air forces distributed according to an elliptic-load grading 
curve, to show the effect of the warping produced by such 
loading in the strain energy of the bar so loaded. (b) 
- An approximate solution of the free torsional vibrations of 
a cantilever bar of thin rectangular cross-section. (c) 
An analysis of the problem of self-induced torsional vibra- 
tions which will apply for any airfoil. 


1—INTRODUCTION AND STATEMENT OF 
PROBLEM 

URING the last few years con- 

1) siderable interest has been at- 

tached to a study of vibration 

of airfoils and airplane propellers. Sev- 

eral severe accidents occurring prior to 

1925 led such investigators as Younger 

in the United States, Fraser and Cox in 

England, and Blenk and Liebers and 

Kussner in Germany to attempt solutions. 

A general solution has not yet been de- 

rived; so far the mathematics has proved too involved. This 

contribution deals with a few of the many interesting phases 
of the problem. 

The work of Younger gives an approximate solution of vi- 
brations of two degrees of freedom as applied to propellers. The 
differential equations have been solved by means of graphical 
integrations. His solution, however, does not take into account 
the aerodynamic couples which exist on the airfoil. 

Fraser investigated the torsional and bending vibrations of a 


1 Department of Aeronautical Engineering, University of Michigan. 
Mem. A.S.M.E. Mr. Taylor received the degrees of B.Sc. from Mc- 
| Gill University in 1915 and Sc.D. from University of Michigan in 
1933. He was chief designer of the Chisholm Moore division of 
the Columbus-McKinnon Chain Company. He was instructor in 
mathematics in the University of Buffalo, and was assistant to the 
director of the 1933 summer school at the University of Buffalo. 

Contributed by the Aeronautic Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THE 
American Socinty oF MrecHaNnicaL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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wing with spars, and also with various settings of ailerons or 
flaps. Since that time it has been shown by Younger that ailerons 
or flaps are not completely responsible for the vibration of air- 
foils. Cox investigated the torsional properties of the stripped 
airplane wing. 

Liebers? calls attention to the recent propeller failures ascrib- 
able to vibration troubles. He attributes one of the main causes 
to the periodic changes in the loading curves due to interrup- 
tions and disturbances by such things as wings, other propellers, 
or disturbed inflow air. Again’ in another paper the same author 
states that the aerodynamic forces are of less importance for the 
bending vibrations of aircraft propellers than for the torsional 
vibrations. He mentions the great difference in frequency at 
which bending and torsional vibration exist and suggests that 
each can exist without involving the other. Blenk and Liebers* 
in their papers show the equations set up for the torsion of the 
airfoil and give in more detail practically the same information 
as in the two papers by Liebers. Kussner calls attention to the 
vibration of wings from the point of view of the two-spar wing. 
He shows that the manner in which ailerons or flaps are attached 
determines the manner in which monoplane wings will vibrate. 

Tt will be the endeavor of this paper to show (1) a theoretical 
development of the deflection curve of a cantilever flat bar of 
uniform cross-section by air forces distributed according to an 
elliptic load-grading curve and to show the effect of the warping 
produced by such loading in the expression for the strain energy 
of the bar so loaded; (2) to give an approximate solution of the 
torsional vibrations of such bar; (3) to show that induced 
torsional damping exists in an airfoil and to indicate the effect 
of self-induced torsional vibrations on the bending of the bar. 

With respect to the first section of this paper, the method used 
is suggested by Liebers’ papers, but the evaluation of the warp- 
ing due to aerodynamic forces is original. The second point 
covered contains nothing new and is here inserted for com- 
parison purposes. The third point covered is original and, to 
the best of the author’s knowledge, has not appeared elsewhere. 

Restrictions. The airfoil sections commonly used are of con- 
ventional type, such as Clark Y, N.A.C.A. M6, RAF 15, and 
Gottingen 387, or are modifications of these. A mathematical 
development of these sections is highly complicated; conse- 
quently a thin flat plate was chosen for investigation because of 
the known factors applying to such a plate. Further, we will 
investigate for vibrations of small amplitude only, and in order 
to keep the problem at or near some practical value, the aspect 
ratio of length of airfoil to chord has been chosen with 6 as its 
value. 


2—NoraTIONS AND SYMBOLS 
The axis system as specified for N.A.C.A. reports and the 


symbols employed by Timoshenko for the study of vibration 
have been used. The following notations have been employed: 


2, Liebers, ‘‘Zur Theorie der Luftschraubenschwingungen,” 
Zeitschrift fiir technische Physik, vol. X, 1929, pp. 361-369. 
. ®F.  Liebers, “Resonanzschwingungen von Luftschrauben,”’ 
Luftfahrtforschung, May 16, 1930, pp. 137-152. 

4 See Bibliography. 
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A = area of airfoil under consideration, sq ft 
a = constant 
Qy,Q2,03..--- dn = constant coefficients 
a = angle of incidence, radians 
Aa = small change in angle of incidence, radians 
a = angle of incidence at root, radians 
a, = angle of incidence due to vibration, 2 radians 
a, = angle of warp at pointy =1 
b = breadth of plate, in. 
b = constant coefficient 
b; = value of Leaty = 0 
= slope of lift curve for infinite aspect ratio = 27 
= torsional rigidity factor 
= distance from the fixed end to point of appli- 
cation of load P, in. 
c = thickness of plate, in. 
c, = chord, ft 
Cp = coefficient of drag 
Cp: = coefficient of induced drag 
Cx = coefficient of lift 
y = planformratio =1/b =1/a 
D = drag, lb per sq in. of span 
6 = induced drag factor = 0.096 for R = 12 
E = Young’s modulus of elasticity, lb per sq in. 
f = frequency of vibration, cycles per sec 
G = modulus of rigidity in shear, lb per sq in. 
g = acceleration due to gravity = 386 in. per sec? 
I = moment of inertia of cross-section 
k = constant 
L, = lift coefficient at point y 
L, = lift coefficient at point y at angle of incidence a 
AL, = change of Le accompanying change of in- 
cidence Aa 
itil perdi. 
length of airfoil, in. 
M, = torque or twisting moment, lb-in. 
Mt, = torque or twisting moment, about the posi- 
tion ¢;/2, Ib-in. 
m = slope of lift curve for aspect ratio being in- 
vestigated; in this paper k = 6 
P = concentrated load, lb 
p =20f 
p = mass density of air, slugs per cu ft 
gq = weight of bar per unit of length, lb per in. 
q = intensity of distributed loading at point c on 
the bar, Ib per in. 
R = aspect ratio 
; = distance from center of rotation to center of 
pressure, in. 
T = kinetic energy, lb-in. 
t = time, sec 
+ = coefficient of induced angular change for 
rectangular wings 
V = strain energy, lb-in. 
v = velocity, ft per sec 
vo = velocity at infinity parallel to x axis, ft per sec 
or in. per sec 
vy = relative velocity, ft per sec 
w = angular velocity, radians per sec 


B 
C 
c 


3—Concrrt or Forces AcTING 


Let us consider a flat bar ABCD, the center line of which lies 
in the y-axis of a right-handed system of axes. (See Fig. 1.) 


Its chord or width CD is cq. Our bar has an angle of attack of 


ay deg to a wind of velocity v. The lift developed is considered 


to be quarter ellipse EFGH, with maximum lift at the built-in 
end and zero at the tip. 

The center of pressure of any cross-section at angle of attack 
ao is represented by the line HF. Due to the lift developed, we 
ean think of the airfoil bending to some position ABC,D,, but the 
eccentricity of the load produces a torque which twists the air- 
foil to, say, ABC,D:. Now there has been a change of angle of 
attack at the tip, reducing to zero at the root as indicated by the 
angle CJC:. This change increases the lift forces along the bar 
and deflects it to, say, ABC;D;, where the torque so built up 
might be considered to have further twisted it. This process can 
be considered to continue until the bar finally takes a position 
of equilibrium of, say, ABC,Ds, where the angle CK C, will repre- 
sent the total twist angle a» at the tip. Now of course our lift 
curve has also encountered some change of shape, such that on 
the straight bar it might be represented by HYG,/. We must 
remember that the increment GG, is small because the angle 
CKCzis by hypothesis considered a small angle. 

The lift at any point is given by 


pv” 
L = C,A > 


Since the coefficient C,, contains all the variables for a given 
airfoil and velocity, we may deal with the coefficient, and in 
order to avoid confusion let us call C, the lift coefficient at any 
point y. 

Referring to Fig. 2, from analytic geometry we have: 


Now let L. receive a small increase AL. such that for practical 
purposes the dotted figure may still be considered an ellipse. 
This small increase accompanies a change of angle of incidence 
Aa, as explained in the opening paragraphs of this section. 
It is to be noted that at the built-in end the change of angle of 
incidence due to lift forces is zero and that the value of Aa will 
increase from zero at the built-in end to a maximum at the tip. 
The value of Le will remain the same value at the built-in end. 
At the tip the value of AL. must also be zero. So that 


The slope of the lift curve for angles of incidence below the 
burble® point may theoretically be considered a constant of 
slope 27; nevertheless such value is not attained due to the 
aspect ratio being finite. Glauert® gives the following coefficient 
as the correction of the slope of the lift curve for aspect ratio: 


Again, because, in the wind tunnel, viscosity affects the circula- 
tion about the airfoil, we cannot hope to attain this value. We 
may introduce a factor k to allow for that portion of the slope 
of the lift curve which may be attained, so that 


5 The burble point occurs at that angle of incidence where the 
vortices in the wake of the airfoil have approached the trailing edge 
of the airfoil and are about to start rolling on the upper surface of the 
airfoil, or at that angle of attack where streamlined flow over the top 
of the airfoil ceases. See Ewald Poschl and Prandtl, ‘‘Physics of 
Solids and Fluids,’’ Blackie, pp. 321-322. 

6 ‘Airfoil and Airscrew Theory,” H. Glauert, Cambridge Press. 
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would represent the slope of the attainable lift curve at the 
particular aspect ratio under consideration. In this expression k 
__ would have a value of from 0.85 to 0.90. Then 


_—__ 


Shp SS dg SY IN GEE ROO oe eee eS [b] 


ll 
a 


4—TorRQuE 


) The torque on the element with reference to the center of 
_ gravity of the rectangular section is given by 


Meee ee ae 

') ef2 = Le(0.6 — ep.)a 5 OES eda anes {c] 
2 

' — The distance from the leading edge to the center of pressure 
has“ been tabulated by various writers, and Hiffel’s’ results for 
aspect ratio 6 have been used herein. Working with values 
below 10 deg incidence, an empirical* equation has been found 
which fits’ the data with a very close approximation—in fact, 
well within the experimental error of the data—so that the equa- 


H 


Fie. 1 


tion of the center pressure referred to the mid-point of the chord 
is given by 


(0.23478 — 1.8055a?)c) ....-..2 eee eee [3] 
where a is expressed in radians, or 
(0.23478 —0.00055a?)cr ....--+-+++ + [3a] 


where a is expressed in degrees. The torque may then be written: 


7G. Hiffel,t‘‘Nouvelles Recherches sur la Resistance de l’air et 
L’Aviation,”’ 1914. 

8 See methods shown in Prof T. R. Running’s book, 
Equations,” John Wiley & Sons. 


“Empirical 
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2 
Mi), = (0.23478 — 1.8055a%)c, | {mes \: is (*) 
p 
pv? 
+ maa | ay ees Cine racy eres [4] 


L 
Cc 


Fie. 2 


It will be noticed that Equation [4] is of two parts; the first 
part may be interpreted as the torque producing statical torque, 
while the second part containing Aw may be interpreted as the 
torque produced and main- 
tained by warping. 

As was noted previously, 
Aa is not constant, but varies 
along the length. As it is a 
function of y, it must satisfy 
the end conditions: 


Bao =O. ein 
(Aa)y=1 = maximum 
A suitable expression for 
Aa would be: 


Aa = (: — cos TV [5] 


the end conditions being satis- 
fied thereby. 

The torque due to warp is 
then given by the expression :® 


m(0.23478 — 1.8055a?) 


Ty pv? 
1 — cos = ) oe,? = d 
( cos 5 QC) 5 y 
ee IEA 
5—TRANSVERSE BENDING 


In this place in our problem we propose to express the de- 
flection of a cantilever bar, by a series; by using the energy 
method to evaluate the constants of such series and by the super- 
position theorem find the deflection curve for a bar loaded with a 
distributed load of the type of a quarter ellipse; then determine 


9 Liebers, in his article, ‘Zur Theorie der Luftschraubenschwing- 
ungen,’’ from Zeitschrift fiir technische Physik, vol. X, 1929, quotes 
Reissner for authority for the approximate use of a quadratic dis- 
tribution of this factor. Whether a quadratic or (1 — cos my /2l) 
expression is used makes very little difference, as the error introduced 
is extremely small and hence negligible. 
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the strain energy of bending for such a deflection. (See Fig. 3.) 
A suitable series to express the deflection of the bar is given by: 


Such series satisfies the end conditions, for when y = 0, z = 0, 
and y = l,z has a finite value. 


Sg 
e Cc 
yi 
Zz 
Z 
Fie. 3 
Differentiating the series we get for the slope: 
dz wT . wy 2a 2ry 3n 3Try 
dy = ih a sin rr + az 1 sin 7 + as Ol sin Ol spike. exe 
NTY 
n iS) ee Spoon ooo 7 
+a 7 in + [7] 
when 0 ino 0 oe ag 0. Hence 
=0,sin— = sin — = Gee eS nD 
Yate cot 21 dy 


the curve is horizontal at the fixed end, satisfying that condition. 
In calculation of the coefficients a, 2, etc. of this series, we 
will use the energy method. The strain energy is given by 


EI dz \” 
Y= o () iM casonee sce aoe [e] 


and in substituting for d?z/dy? the value 


da? 2 Ww? Try Da? 2Qry nr? 
ap Oa, Os arr ene LTT 
ney men? ommy 
COS “5] + am ap co a ae {f] 


We note that even-numbered terms must be dropped in order 
to satisfy the boundary condition at y = 1, where the curvature 
is zero. Equation [e] involves the square of this derivative, 
which contains terms of two kinds in which n is an odd integer: 
nmr ny 


d mary 
” oI an 20nOm m cos om cos a 


1 1 
nry l nny mary 
cos? — dy = = d 0 
us ye me) f CEMES) 4 tte 


where m # n. Hence in integral [e] all terms containing products 
of coefficients such as @mdn disappear and only terms with squares 
of these coefficients remain. Then 


oY) 
Ve aaa 5 MME TS Uat cto) 


We will consider one concentrated force and find the expression 
for the deflection curve. 

For a single force P applied at a distance c from the built-in 
end, and considering now a slight change in one of the terms of 
the series, say, the nth term, with all the other terms remaining 
fixed, we get for the additional displacement of P: 


dan \ 1 — cos =) 
21 


The work done by the force P in moving through 


dan \ 1— cos 
21 


is: 


The corresponding change of strain energy is 


ov EIn! 
ae - dan re = 


dV = = 
dan 64 13 


n*+2Qan: 


Equating this to the work done [g] 


from which 


Then Equation [6] becomes” 


SHES || Il 1 é TC 1 ry fe 1 
= ca CO) Ga = (KU) tae — 
** “Elnt | 14 2 21 34 


1 nme nry 
— | 1— cos — 1 — cos — }.. [10] 
nt 21 21 


1,3,5 


Checking Equation [10] for the accuracy of solution, it may 
be shown that if we consider a cantilever with a single force 
concentrated at the outer extremity, the equation gives an 
accuracy within 1.2 per cent when the first term only of the 
series is used, while if three terms are used, the error will be less 
than 1/1 of 1 per cent. 

Having the solution for a concentrated load, we will now solve 
for the actual distributed load. From Equation [2] the lift on 
any element is given by 

2 
bee ody 
and substituting the value of L., we get the intensity of load at 
any cross-section: 


2 y2 
Giga | i= 2) + mas (: — cos 2 = edy.. . [11] 


From Equation [10], by substituting for P the value qidc: 


10 For similar development of these equations, see Timoshenko, 
“Strength of Materials,’ vol. II, Van Nostrand Pub. Co. 


Pa 
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The factor 12 in the denominator is here introduced so that 
the load intensity may be expressed per inch of span for length 
being taken in inches, the chord c, in feet, while v is taken in feet 
per second. To this point there must be careful adherence. 
From Equation [13] the coefficients a, a3, etc. in Equation [6] 


3 2: 
, d 321 pus yma may be evaluated, and on squaring these coefficients and sub- 
1,3,5 nN EIn* 2 stituting them in Equation [8], an expression for the strain 
' © energy becomes: 
mC (: — cos a (: — cos —— : 
. 1 — cos Ol 21 v= is nt (0.438a0 + 0.4535a2)? 
1,355 ns 36 EIn* 4 ite 
de....... [12] 4. (758004 1.15120)? (1.47209 + 0.472142)? 

This equation has terms of two types: 34 54 

co 1.6217a0 + 0.8177a2)? 
5 nance nary Sigg IT IL a nee [LE] 

c 1 — cos 1 — cos of 
a Vi—-{\; 2l 2l 
a a Ld)” Me = dee dz 
, Since — = —, we have M = EI —., and we have now found 
and EI ay? dy? 
. the values of ay, a3, etc. in Equation [f], so that the stresses may 
1 nme 1 ary be determined. 

ay (: = >) ) SEB Y, OES] In the present problem the determination of the relative 
21 fone ma ..{k] stress distribution was based on solving for the moment, stati- 
oh cally. The foregoing series is given so that the problem of com- 
Dealing with expression [j], choosing n = 1, 3, 5 in turn, bined bending and torsion may be approached in a series form. 


evaluating the integral for each value of n, and then summing 
the integrals, will give the factor depending upon ao. In per- 
forming these operations, it will be readily seen that by sub- 
stituting c/l = sin u, c = I sin u, and de = 1 cos u du, there will 
come terms of the form: 


‘s 
2 
f cos 2u cos ( cn) du =5 Je (=) 


The latter two of these are of course Bessels functions and 
readily evaluated. 

Dealing now with the expression [k], this may be handled by 
direct integration after removal of the > sign and putting the 
expression in the form of a series, so that on reduction: 


2) 
COS a — 
21 


yep | (0-488a0 + 0.453500) (: 
Se hie 


meri 2 2 14 


ory 
(1.758a9 + 1.1512a2) | 1 — cos 
+ as ena 


34 


5ry 
(1.472a0 + 0.4721a2) | 1 — cos 


21 
=o BA 
71ry 
(1.621700 + 0.8177a2) \ 1 — cos Ti 
+ se eo [Mec (UB 


74 


Such series may possibly be combined with the series evaluations 
for vortex circulation about the airfoil. 

From consideration of the bending moment for an elliptic 
load on a cantilever beam, it may be shown that the moment 
at the root is given by 

2 


gS ere el2[0.33300 + 0.26909] 


from which we conclude that when 


there will be as much stress produced by twisting forces as is 
produced by bending forces. 

In adjustable metal propellers which are relatively thin, it is 
quite evident that this effect will contribute greatly to the stresses 
carried. This effect may account for some of the numerous 
propeller failures noted by Liebers. 

If a wing is rigid and if possible does not have any torsional 
vibration, then a, = 0, and the remaining portion of Equation 
[14] will give an expression for the strain energy of a wing of 
constant moment of inertia. 


6—VIBRATION OF PLATE AIRFOIL 


(a) Torsional Vibrations. In this section it is proposed to 
calculate the frequency of free torsional vibrations of our canti- 
lever plate airfoil, so that the frequency of resonance may be 
known. A suitable expression for the mode of vibration is of 
the form: 


We will use the energy method in this case, equating the 
maximum strain energy to the maximum kinetic energy, and 
solve for the frequency. 

The strain energy is expressed by the equation: 


1 2 
G dy 
— Salad 
i ¢ f (#) : 
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Differentiating Equation [16], squaring, and integrating, we 
have 


Referring to Fig. 4, we note that if we reckon time from the 
mid-position of the vibration, Vmax occurs when sin pl = 1, or 
when ¢ = 1/4 cycle. 


Thickness =C 
Fig. 4 


So that | 


Cc ci 

Vmax = = 2—. {17a 

5 °° BT [17a] 

Thekinetic energy is given by 
the equation 


which, by differentiating Equa- 
tion [16] with respect to time, 
squaring, and integrating, re- 
duces to 

me 0.2267 glec%p?b? cos? pt 


24g 
water {18] 
Tmar occurs at time t = 0, 
so that 
0.2267 gleo%p?b” 
T maz = ee Aeaee 4 Se) eee [18a] 
24g 


Assuming no loss of energy, we equate the maximum strain 
energy and kinetic energy, and solving for p? we have: 


69Cx? 
4 X 0.2267 ql?b? 


Dp. pay 6Cv 
P = op Vo.22674 
p 1 6Ca 
Se Fara OO ote tio 20 
f ar Ab yo Pe 


We note that the frequency is independent of the angular 
amplitude. 


jie = 


From consideration of the rectangular cross-section of our 
plate, and noting that the width is long compared with the 
thickness, the torsional rigidity may be expressed in the form 
C = G-1/3 bc’, where c represents the thickness of the plate. 

Again we must note that a long rectangular prism, so con- 
strained that one section does not distort when a torsional 
moment is applied, has the effect of shortening the bar by an 
amount equal to 0.425 times the half width." If we apply a 
correction to the coefficient of 
torsional rigidity C, to offset 
this reduction of length, the 
frequency may be approxi- 
mately expressed: 


ye 1 9 
By \\ = Qealwine: 0.2267¢ 


ee 2 


The ratio of length of plate 
to width of plate may be called 
the plan-form ratio, and we 
may denote such ratio by 


L ie iP 


yY “b> area of plate A 


Dealing with the expression 1/1 — 0.2125b, we may by sub- 
stitution put this in the form y/y — 0.2125. 

Again in Equation [21] we note in the denominator in front 
of the radical the factors Jb, for which we may substitute 1?/7, 
so that we may express this Equation [21] in the following 


form: 
: ie “1 gGbe! PE 
~ ge Yo.2267 3 ¢ (y — 0.2125) 


11g, Timoshenko, “‘On the Torsion of a Prism, One of the Cross- 
Sections of Which Remains Plane,’ Proc. London Math. Soc., 1921, 
p. 389. 
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and substituting c; for b 


1 6 1 gGac* 3 
= SoS eee Fat [21a] 
42 ¥0.2267 3 q (y—0.2125) 


Thus, for example, a plate of these dimensions: J = 18 in., 
b = c¢ = 3in.,c = 1/sin.,y = 6, G@ = 11,650,000 lb per sq in., 
q = 0.10625 lb per sq in. of span, g = 386 in. per sec”. By direct 
substitution in Equation [21a] and solving, we obtain for the 
frequency 46.7 cycles per sec. 

(b) Induced Torsional Damping. Mr. J. P. Den Hartog’ 
has called attention to the self-induced vibrations of sleet- 
covered wires at various wind velocities. He notes that the 
relative wind is inclined at an angle to the axis of the shape 
considered to simulate a sleet-covered circular wire, and there- 
from obtains a driving force to maintain vibrations in a vertical 
plane. 

We will apply the method to another problem, but this time 
in erosion. Consider an airfoil to be loaded in such manner 
that the lift and drag forces may be considered as the only 
external forces acting, and allow these to act at the center of 
pressure of the airfoil. In general, the center of pressure and the 
axis of twist will not coincide, but will be at some distance apart. 
| The relative wind due to the velocity of vibration will be in- 
clined to the translatory flow, so that the relative wind on the 
upswing of the vibration will be different from the relative wind 
on the downswing. Because the lift and drag act normal and 
parallel to the relative wind at any instant, they will both have 
components normal to the airfoil. Designating the sum of these 
components as the driving force F'p, we get therefore an induced 
torsional damping as a result. 

Consider an airfoil to be represented by a flat plate and let it 
be at an angle of incidence a, such that 


aslo + ay sin pt Sey Rr eC Pouce, PRR ECO [22] 


as shown in Fig 5a. Let Ay be a small change in the angle of 
incidence; assume the plate to be in torsional vibration about 
its mid-point and that such vibration is small and simple har- 
monic; let r be the distance from the center of twist to the center 
of pressure, and va be the tangential velocity of the center of 
pressure at any instant during vibration. If the angular velocity 
of the plate is w, then the tangential velocity of the point P is 
given by or. 

Combining the velocity ve taken in proper sense to allow for 
the direction of representation of the translatory wind flow, we 
ean obtain the relative wind velocity vr. The lift and drag 
forces act normal and parallel to the relative velocity. The 
normal component of the lift will then be L cos 4, where 61% is 
the angle between the normal to the plate and the direction of 
the lift at the instant under consideration. Similarly D sin 6 
will represent the drag component normal to the plate. The 
driving force Fp will then be the sum of these two components. 
It will be noted that the angle of attack @ of the airfoil is greater 
at mid-position on the downswing than at the same position on 
the upswing. Hence we may expect a greater value of Fp at that 
time, and since this increase of force opposes the motion, damping 
will result. 

Plotting the driving force Fp against time for one cycle, we get 
a curve as in Fig. 6a, and plotting the angle of incidence against 
a time base we get a sinusoidal curve, Fig. 6b. Now plotting the 
product of the driving force and its moment arm r against the 
angle of incidence, we get a loop, Fig. 6c, which is a measure of 
the damping per cycle. This damping is small but positive. 


12 J, P. Den Hartog, “Transmission-Line Vibration Due to Sleet,” 
A.J.E.E., June, 1932. 
13 See Appendix for mathematical derivation of 4. 
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For self-induced torsional vibrations to exist there must be a 
moment acting on the airfoil greater than the damping moment. 
Such a moment may possibly be attributed to the impulsive 
moment connected with the shedding of the Karman-type 
vortices from the airfoil. 


6—CoNCLUSIONS AND SUMMARY 


Self-induced torsional vibrations were observed at the natural 
frequency of the plate airfoil. The amplitude of the observed 
vibration being approximately 5 deg, there is little doubt that 
the forces producing such vibrations must appreciably exceed 
the damping as indicated in Fig. 6c. 

If we denote the amplitude of the vibration as being a part of 
a2, we see the effect on the lateral bending as expressed in the 
equations for the stress distribution. From the expressions for 
the strain energy and moment we note that the vibration must 
play a major part in the energy and stresses in the airfoil. 

Since a propeller is a rotating airfoil, it is probable that it also 
has a period of self-induced torsional vibration. Centrifugal 
force will have no effect on the torsional vibration so set up. 
This vibration is confirmed by the peculiar torsional fracture 
with which propellers frequently fail. 

We cannot expect to remove these self-induced vibrations, 
but we should endeavor to keep the periods of other vibrations 
such as lateral vibration of a wing or fore-and-aft vibration 
of a propeller as far removed as possible from the self-induced 
vibration. In this manner we will remove the likelihood of 
resonance conditions being set up with damaging or critical 
results. 

The method used in making observations in the wind tunnel 
has indicated that great studies may be made in the vibration 
measurements by such means. 


Appendix 


Referring to Fig. 5a, let xx be the line of reference, ao be the angle of 
incidence at the root, and a = ao + a1 sin pt. 

‘Assume distribution of load over the chord, represent the center of pres- 
sure as c.p. and its distance from the axis of rotation by r, and consider the 
c.p. to be moving in the direction of a increasing. 

For the sake of representing motion of the airfoil in true sense, let us 
refer again to Fig. 5b. 


In the complex form v7 = va + ». Now 
va =ore(90 + 00 + US | AR ee at a eens {Al} 
Bee Best coacoobasSHraeae st [A2] 
2 , 2 3; i 
But e =1-+ = A — a reat and e99% = j and if z is small, we may 
approximate and write 
He OW se DIC aa coricnoseooooneane [A3] 
Hence 
tp oralbh 2s ABI! JS bi ccpacaucgscagave [A4] 
L = or-t = —or[l + Anile™? + voi........-.-. [A5] 
Amplitude is 
es a Mar Sach ee [A6] 
va wri[l + Anile%* 
since 1/1 + Ani = 1— Ani. 
Then 
De pe 2g oor en 
va wor 
bp a Deeb raat, SV RAe, Gia eae [A7] 
wr wor 
since 
wa i= i 


Now take components as real and imaginary and remembering that 


e“ = cosu + 7 sin u 


x Z 
0 1x4 
vo. < 
= COS a0 — —sin a X 7 
wr wr 
voAn . voA : 
7 sin co cos a X i 
or wr 
vo. vod 
1— 7 ain ao — ~— cos ao 
tan 8 = Reon Sco {A8] 
v0 voAn . 
= Cos a0;—— s1n ao 
or or 
Dividing through by v0/wr, we get 
or A 
Soha sin ao — An COs ao 
0 
tan 0 = $$ eee ee eeee [A8a] 
cos ao — Ay sin 2 
Now consider the denominator 
1 uf 1 = 1 1+ aA sin ao 
cos ao — An sin ao sin ao\ © a 
n poste € a, ») 08 ao Cos ao 
cos ao 


Substituting this last expression, expanding, and neglecting the 2d orde 
of small quantities of An, we get 


wor 5 wor = 

— — sin ao — An cos ao + — Ay tan ao — Ansin ao tan ao 
v0 v0 

tan 0 


Il 


cos ao 


or or 
= 5 Bee ao — tan ao — An € + tan? ao — — sec ao tan ao) 
0 vO 


wr or 
= sec ao— tan ao An (sec? ao — sec ao tan ao) Pace Fee [A8d] 
0 
Now in Equation |A8b] we substitute for 


d 5 
oat, (ao + a1 sin pt) = arp cos pt, An = a sin pt 
r = (0.23478 — 1.8055a2)c1, p/27 = f 


for flat plate airfoil. 

We can now solve for the value of © for any instant in one cycle. It will 
be noted fore: = 3in., ao = 4deg, a = 1 deg = 0.0175 radian, that 6 hasa 
different value on the downswing than on the upswing. Computing the lift 
per inch of airfoil and resolving it normal to the chord gives the driving force 
due to the lift. 

It is a well-known aerodynamic law that 


__ C11 +8) 


CDi SR en [A9] 
and that for R = 12 
(CL) R = = 0.804 
4 _ Cr + 4) 
(CDi)R=12 = = EDae ese [A9a] 
and Glauert! in his book on airfoil theory gives 6 = 0.096 
: pr? 
D= (Coi)R=12°a-l > ORE ECE PO TLC [A10] 


and hence its normal component may be found, so that the driving force 
due to the drag may be found, and hence the total driving force F may be 
determined at any instant. 
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Characteristics of Large Hell Gate Direct- 
Fired Boiler Units 


By W. E. CALDWELL,! NEW YORK, N. Y. 


Among the outstanding features which characterize this 
boiler installation is a capacity of each of the two units in 
excess of 1,000,000 lb per hr. The direct-fired, slag-tapped 
furnace with a twin arrangement of sectional header boil- 
ers above a single furnace is an innovation. The building 
that houses the two boilers, bunkers, and all auxiliaries 
is 78.7 ft by 106.5 ft and is 162 ft high, or a building volume 
of 680 cu ft per 1000 lb steaming capacity per hour. The 
steam conditions of 275 lb per sq in. pressure and 725 F 
temperature are the same as those prevailing in the re- 
mainder of the plant. The circulation of each half of 
the boiler unit, with its accompanying proportion of water 
walls, is independent. The superheater, economizer, and 
air heater of each half of the unit are also independent. 
The air-inlet end of the air heaters and similarly the gas- 
discharge end of the air heaters are connected to a com- 


HIS boiler installation at Hell Gate 
Station was erected as a_boiler- 
room extension on land which was 
limited in area by existing structures and 
a street boundary. ‘This limitation in area 
necessitated a design which would utilize 
the site to the greatest advantage without 
exceeding the height limit imposed by the 
city building code. The quantity of steam 
necessary to satisfy the installed turbine 
capacity was greater than could be pro- 
duced by the boiler-plant extension. This 
consideration rendered necessary an installation capable of de- 
veloping the maximum rational capacity in the available space 
in order to reduce the extent of revamping of the older boilers 
which otherwise would be necessary. As arailroad siding which 
enters the turbine-room basement passes across one side of the 
chosen site, it was necessary to arrange the design to accom- 
modate this sidetrack below the boiler level. 
Among the outstanding features which characterize this in- 
stallation consisting of two units is a capacity of each unit in 
excess of 1,000,000 lb per hr. Direct-fired, slag-tapped furnaces 


1 Research Engineer, The United Electric Light and Power Com- 
pany. Mem. A.S.M.E. Mr. Caldwell received his engineering 
education at Drexel Institute, Philadelphia, Pa. He joined the 
United company in 1913 as chemist and engineer of tests, successively 
serving in other capacities. He was identified with engineering de- 
sign, operation, and testing of pulverized-fuel boilers installed in 1924 
at Sherman Creek Station. These were the first pulverized-fuel 
boilers provided with water-wall furnaces, and a variety of combus- 
tion systems featured the installation. In the same installation the 
first commercial slagging furnace was introduced. Experience here 
also included work on the development and testing of flue-dust catch- 
ers. Mr. Caldwell also was identified with engineering design, 
testing, operation, and betterment work in Hell Gate Station, on 
both stoker and pulverized-fuel equipment. 

Contributed by the Fuels and Power Divisions and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Tur AmerIcAN Socinty oF MrcHANICAL ENGINEERS. Awarded 
the Melville Medal for 1933. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


65 


mon plenum chamber to eliminate the fan auxiliaries 
as a source of boiler outage. By this arrangement the 
unit may develop about 75 per cent of maximum capacity 
with half of the fan equipment idle. Aside from innova- 
tions regarding the twin arrangement, the boiler and fur- 
nace are of conservative design. Heat-release rates, ab- 
sorption rate per unit of surface, and gas velocities enter- 
ing the tube bank are moderate. Large boiler drums were 
provided in order to confine water-level fluctuations within 
safe limits regardless of the rapidity or range of load 
changes. The visible range within the water glass ac- 
commodates a 13 per cent change in the volume of water 
contained in the boiler and water walls up to the normal 
water level. This is equivalent to 4.5 per cent of the 
hourly output at maximum capacity on the basis of solid 
water. 


with a twin arrangement of sectional header boilers above the 
common furnace is somewhat of an innovation. The furnace 
is the largest so far installed, and this is the first application of 
sectional header boilers with the twin-setting or end-to-end 
arrangement. 

The building is 78.7 ft by 106.5 ft and is 162 ft high, housing 
two units, and the ratio of building volume to boiler capacity is 
680 cu ft per 1000 Ib steaming capacity per hour. Correcting 
the building volume for the space devoted to railroad tracks and 
court entry, the ratio becomes 636 cu ft per 1000 lb per hr 
capacity. 

With the limited space conditions, the flat-bottom slagging 
type of furnace became almost a necessity. In the absence of 
space for an ash hopper of the dry-bottom type, careful thought 
was given to the slagging furnace for the grades of coal and type 
of load to be encountered. Earlier problems with slagging fur- 
naces at Sherman Creek Station had been experienced, and this 
pioneering work left little doubt as to the attractive possibilities 
of the system. 

The four mills and their auxiliaries are directly below each fur- 
nace, while the forced- and induced-draft fans are immediately 
above the air heaters. The coal bunkers are below the fan plat- 
form, from which coal is fed by gravity through vertical chutes 
to the mill feeders. Each chute supplies one mill and is provided 
with a Richardson automatic scale ahead of the feeder, with re- 
mote indication at the control board. These scales facilitate 
accounting and control, as well as testing. There are two drag- 
conveyer feeders per mill located on the operating floor and ac- 
cessible from the control board. The feeders are driven by direct- 
current motors from motor-generator sets with Ward Leonard 
speed control. 

BomLERs 


The steam conditions, 275 lb per sq in. pressure and 725 F 
temperature, are the same as those in the remainder of the plant. 

With the end-to-end arrangement of boilers over the common 
furnace, access space was necessary between the headers, and 
a seal had to be provided between the furnace and this opening. 
This was accomplished by bringing the bottom slag-screen tubes 
under the bottom of the high-end headers and entering the op- 
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posite side of the header by a wide-sweep return bend in the 
tube. This arrangement provides a water-cooled support for 
the protecting tile beneath the headers and also the baffle be- 
tween header access space and furnace. The circulation of the 
two boilers is not interconnected, and each supplies its half of 
the furnace water walls, so that the circulation of each half of 
the units is entirely independent. The superheater, economizer, 
and air heater of each half of the unit are also independent, al- 
though the discharge end of the air heaters is connected to a com- 
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mon plenum chamber. This common-plenum-chamber arrange- 
ment renders the installation more independent of induced-draft 
fan outage, since the unit may develop about 75 per cent capac- 
ity with half of the fan equipment idle. The same general 
practise is applied to the forced-draft connection to obtain the 
same benefits of diversity and availability. This combination 
was obtained by a slight inclination of the air preheaters and by 
the elimination of separating partitions. 

Aside from innovations regarding the twin arrangement, the 


boiler and furnace are of conservative design. Heat-release 
rates, absorption rate per unit of surface, and gas velocities 
entering the tube bank are moderate. The water capacity of 
the boiler and economizer is rather large, and while the resulting 
accumulator effect renders the unit somewhat slow in response 
to changes of rating, it has a very desirable stabilizing influence 
with fluctuating loads. The 72-in. boiler drums are adequate 
to permit wide changes in rating without danger of carry-over 
from the drum. Large drum capacity is especially important 
with the moderate pressure and relatively high specific steam 
volumes prevailing, in order to accommodate the swelling con- 
tents of the boiler with wide increase in rating. This removes 
one of the possible limitations to flexibility and responsiveness, 
since water-level fluctuations are confined within safe limits re- 
gardless of the rapidity and range of load changes. With ade- 
quate drum capacity, the feed-control problem is simplified and 
the attention required by the operators is reduced to a mini- 
mum. 

The visible range within the water glass accommodates a 13 per 
cent change in the volume of water contained in the boiler and 
water walls up to the normal water level. This is equivalent to 
4.5 per cent of the hourly output at maximum capacity, on the 
basis of solid water. 

The boilers are provided with three horizontal circulator tubes 
per section, arranged to minimize discharge friction and insuring 
an effective hydraulic head on all tubes. This lessens the likeli- 
hood of stagnant circulation, with the accompanying problems, 
and is of benefit from the standpoint of boiler maintenance and 
availability. The boiler drum is fitted with shutter-type baffles 
for moisture separation. Saturated steam is distributed to the 
superheater by means of a number of off-take tubes distributed 
along the length of the boiler drum and connected with the satu- 
rated-steam header on the superheater. This arrangement 
assures uniform steam distribution through the superheater, with a 
minimum of pressure drop. The economizer is of the conven- 
tional hairpin type, while the air heater is the standard tubular 
type, both being arranged for countercurrent flow. 


BURNERS AND FURNACES 


Each mill delivers to three cross-tube burners in a horizontal 
row, distributed across the furnace width, there being two rows 
at each end of the furnace, one above the other. This provides 
well-balanced furnace conditions with almost any combination 
of mills. Individual burners may be cut out by closing a valve 
in the top of the mill, which diverts the coal and primary air from 
that burner to the remaining outlets and burners. There is an 
oil burner just below each coal burner, for ignition purposes only. 
The Bailey water-cooled furnaces are, roughly, 41 ft long be- 
tween burners, with a width of 34 ft and a mean height of 30 ft. 
The furnace volume is 40,770 cu ft, giving a heat liberation of 
about 35,000 Btu per cu ft, at 1,000,000 lb per hr evaporation. 

The furnace bottom is provided with air cooling by forced cir- 
culation from a centrifugal compressor delivering air at about 1 
Ib pressure. Immediately below the slag bed is an impervious 
layer of crushed magnesite supported on a porous layer of chrome 
ore. The cooling air is distributed by transverse ducts in the 
layer of chrome ore, from which it is discharged into the furnace 
at the side walls above the slag bed. The quantity of air used 
for cooling is determined from the Bailey air-flow meters which 
form a part of the regular operating equipment. 

The preheated-air temperature being moderate, permits 
normal operation without the use of tempering air and the atten- 
dant manipulation required where higher preheat is used. With 
a direct-fired system there are many adjustments which must be 
readily coordinated, and in the interest of reliability these were 
kept to the minimum. 


FUELS 


Fans 


if There are four induced-draft fans per boiler unit 
and two forced-draft fans. The induced-draft fans 
are connected in pairs and driven through reduc- 
tion gears by a high-pressure, high-speed turbine, 
the exhaust steam from which is used to operate the 
| low-pressure turbine driving the forced-draft fan. 
’  Loeal conditions of plant expansion constituted a 
factor in the selection of fan drives. With the ex- 
isting conditions evaluated, the differences between 
various types of drives were small, and the turbine 
drives were chosen for convenience. The exhaust 
steam from the low-pressure turbines which drive the 
forced-draft fans is discharged through short con- 
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blowers. 18, tachometers (four for fan turbines), voltmeters (two 
coal feeders) from hand to automatic control. 20, regulator post 
with 19). 21, push-pull switches for hand control of fan turbines an 


damper control, position-indicating light (damper between economize 
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ments 26, 27, and 28 are for control of furnace-bottom cooling blower.) 
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Section of the Control Board Showing Control for Each Boiler. 
4, control air-pressure gages. 


Legend: 1, Bailey steam-flow—air-flow meter. 2, Smoot control panel (individual 
5, transfer cocks (from manual to pressure control), two valves. 6, con- 
8, maximum-rating-limit valve. 9, minimum-rating-limit valve. 10, control air- 
11, drum-water-level indicator. 12, feedwater-valve position indicator. 13, 
(There are two sets of 11, 12, 18, and 14 for each boiler.) 15, draft gages, 10 
(b) and (c) receiver pressure. (Pressure in receivers of two sets of 
17, emergency trip switch for coal feeders, mills, and mill 
19, transfer switches (four for fan turbines, two for 


tion indicating lights for use when changing from hand to automatic control (in connection 


Common to Both Boilers. 
head on heater condensate pump. 9, loé 
8, temperature indicators, two indicators, one for low-temperature range and one for 


the Four Mills for Each Boiler. 


cating counter, one for main belt conveyer serving both boilers. 
5 are for both boilers.) | 
a, spare blower serving either of the two boilers.)] 


d coal feeders (four for fan turbines, two for Ward Leonard coal-feeder control). 22, 
rand air heater). 
f Ward Leonard motor-generator sets (two sets for two boilers). 


(There are two sets of 22 and 23 per 
25, switches for con- 
28,ammeter. (Instru- 


23, damper control, switch. 


26, indicating lights. 27, switch. 
Legend: 1, air suction, pressure, and differential gages, 
4, mill-blower-motor ammeter. 5, sequence cut-out switch and indi- 
7, mill-motor control switch and indicating lights. 8, coal- 
10, mill-blower-motor alarm-signal switch and indicating light. 
14 and 15, mill-feeder-motor rheostats (two feeders per 
18, line switches for mill-feeder-motor power supply, from Ward Leonard generators 


2, Telechron clock. 
6, pressure gage 


Legend: 1, pressure gage, steam-line pressure. 
5, load indicator, total station load. 


10, switches for temperature indicators, boiler 92. 11, 


14, water-flow-meter 


16, indicating lights. 17, switch. 18, ammeter. (Instruments 
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Fie.6 Part or BoitprR ConTrRoL BoarD 


necting piping to a closed heater in the feedwater supply to 
the boilers. 


CoNTROL 


Control of this installation has been brought to a central loca- 
tion, with the necessary instruments and devices provided so that 
operation is greatly simplified. The control board is illustrated 
in Figs. 2 to 7, inclusive. Practically all adjustments for start- 
ing, stopping, and changing the output are made from this con- 


trol station. Sequence interlock relay protection is provided to 
guard against flarebacks or explosions due to mechanism failures 
or mishandling. 

The installation is fitted with the same type of control mecha- 
nism as that on the earlier boilers and is designed to operate in 
conjunction with the other apparatus. Control may be changed 
from automatic to hand, or vice versa, at will. The importance 
of the control board is more apparent when the operations that 
must be closely coordinated in starting are considered. Figs. 8 
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and 9 depict graphically the sequence of operations followed in Hl T splat PETES 
+ + 


starting the boiler from the cold condition and also the method | 
as FROM COLD i aibik 


} followed after a normal shutdown over the midnight watch. 
The intent of this method of starting from cold is to apply OTE: BOILER BLOWN DOWN 


heat very gradually about the furnace, so that proper circulation 2 iy | FINTERVAL fo |e v 
may be established throughout in order to avoid excessive tem- 3 Eu “ae bs a pages dae) 4 ty F 
perature stresses. With the direct-firing arrangement, this neces- z i Nw a 
| sitates operating the mills for short intervals in rotation andis | iA || =4| 3 
conveniently accomplished from the central control board. The |4 (| é 
boilers are started each morning on weekdays, at which time the : a ——_— ie o 
furnace is hot from the previous day’s operation and there has |y | , V is = 
been very little loss of steam pressure. Under these conditions a i Is Pressure |_ z 
= ol 700 “we OF 2 DRUMS) 255 
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(During warming-up period, four corner burners, 2A, 3C, 2C, 3A, are op- 
erated alternately, one burner at a time.) 
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1,080,000 lb per hr. Under test conditions these figures could 
be considerably bettered at both ends of the range by means 
= 5 eal i well known to many operators. However, a more rational 
basis of rating for daily operation may be considered as from 300,- 


7 i 1 1 


T ieee iT a i bottom provides strong ignition and minimizes the danger of 
{ ES GP { il flarebacks with one-mill operation or under unfavorable coal- 
FUEL CONSUMPTION feed conditions. The boiler has been operated for sustained 
i 1 Lie | periods at outputs as low as 200,000 Ib per hr and as high as 
| STARTING UP FROM COLD CONDITION 
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the unit goes on the line within a few minutes after the first burner 
is lighted. 


CAPACITY AND FLEXIBILITY 


The maximum capacity of the installation is limited by the 
fans and pressure drop through the superheater. With the aver- 
age grade of coal used, the mill capacity is near the limit when 
other limiting conditions are approached. The lower limit of 
output is established by the minimum practical capacity of one 
mill, together with secondary-air leakage through the burner MILL-3 
dampers of the idle mills. The heat radiated by the hot slag Fre. 11 Arraneument or Prrinc Betwenn Mitts AND BURNERS 


TABLE 1 TEST OF BOILER NO. 92, HELL GATE STATION—RESPONSIVENESS OF BOILER TO INCREASE IN LOAD 
—Steam flow, 


1000 lb In- Period 
per hr In- crease Over- of -—Rate of Change 
Be- crease -— Speed of coal- in- travel over- change in in 
fore After in feeder motors, rpm coal- of travel P steam flow, steam Change 
change change steam Maxi- feeder coal of lb per hr pres- in 

in in flow, mum speed, feeders, coal Time : per min sure, water 
coal coal per during per per feeders, lag, Air Per Per lb per level, 
feed feed Diff. cent Initial change Final cent cent min minb  supply* boiler mill sq in. in. 
600 725 125 20.8 637 832 832 Sillve 0 10) 3.25 FS 38,400 9,600 + 6.3 +1.25 
520 740 220 42.3 585 855 855 46 0 0 4.0 FC 55,000 13,750 + 4.1 —2.25 
530 810 280 52.8 587 959 959 63 0) 0 4.5 FC 62,200 15,540 + 6.0 —2.0 
420 720 300 71.5 450 1005 806 79 25 3.0 4.75 FS 63,200 15,800 + 3.3 —2.0 
400 720 320 80.0 450 1200 800 78 50 3.0 4.25 FS 72,300 18,075 + 8.7 —3.0 
410 710 300 73.0 450 1400 800 78 75 3.0 SIA) FS 80,000 20,000 + 5.5 +2.0 
410 740 330 80.5 450 1500 800 78 87 3.0 4.5 FS 73,300 18,325 +12.5 —2.5 
400 710 310 77.5 500 1250 925 85 35 2.5 2.75 FC 112,700 28,175 + 0.5 —6.25 
390 590 200 51.3 500 1250 800 60 56 1.5 2.25 FC 88,800 22,200 + 7.0 +1.1 
380 640 260 68.5 500 1350 800 60 69 1.5 3.25 FC 77,000 19,250 + 5.0 —1:0 
3807 660 280 73.7 500 1300 850 70 53 1.5 2.75 FC 102,000 25,500 + 3.0 +3.5 
410% 720 310 75.6 619 1341 1080 75 24 as) 3.25 FC 95,400 23,850 +10.0 +3.25 
350% 700 350 100.0 620 1350 1240 100 9 1.5 2.5 FC 140,000 35,000 +11.5 —0.5 


2 During these tests the speed of the coal feeders was increased in four steps, so as to approximate an automatic control; the period of the maximum over- 
travel was 1 min and that of the total overtravel 1.5 min. » Time lag represents the interval of time required for the stabilization of the steam flow after a 
change in the coal feed. ¢ FS means the air supply follows the steam change; FC means the air supply follows the coal change. i 

Nors: The actual tests for the last two runs indicated a temporary stabilization ata lower.final speed of 850 rpm due to the accumulation of coal in the 
mills during the overtravel period, but since these runs were not sufficiently prolonged to establish the correct final speeds, the reported values for these final 
speeds were assumed to be in proportion to the increase in steam flow. r 


for the complete range. It is probable that a sim- 
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indicative only, since it was not convenient to carry (tiyelLAG IN TH T ae an rer RGA NG EIN COALIFEED 
out the tests with the precision of an evaporative ae DY | 
test nor to entirely eliminate influences tending to sa eae ek OF FEEDERS 
affect the result of the observations. Va H CHANGE IN STEAM FLOW _280,0904/HR 
Some of these tests are recorded in Tables 1 and 2 vy BU ices Re ee a 
and are also shown in Figs. 12, 18, and 14. The |-—1+——+;—Ré RATE « | = PERMILL | 15540%/HR/Mit 
tests covered both increase and decrease in output, or x ea re pea! 
with observations recorded on 15-sec intervals. — Ss t 
The time lag between the coal-feeder change and ere twa 
the change in heat input to the furnace was de- eae = aa 
termined by ascertaining the variation in CO, in the ved AFEEDERS 
flue gas while maintaining a constant supply of pri- 1 
mary and secondary air. The change in CO, at the 600) N 
boiler outlet commenced within 15 sec from the in STEAM FLOW 
start of the change in coal feed, and the stabil- 500 Eze SUB EON 
ized condition was reached in about 2 min. The a 
beginning of the change in the steam flow com- 5 
menced from 12 to 18 sec after the change in coal 8 cae A RAVEL.OF FEEDERS 
feed, and it reached the final value in from 2.5 to 21 CHANGE IN STEAM FLO 
4.5 min. The shortest lag was obtained by giving = 
considerable overtravel to the coal feeders and by |S 
adjusting the secondary-air supply to follow the s 
5 : F 900) 
change in coal supply instead of following the steam | i 
flow. The most rapid increase in output was Bil age FEEDER SPEED 
350,000 Ib per hr in a period of 2.5 min. The rate AFEEDERS 
of the increase was 35,000 lb of steam per hour per 700 Bi lari ae 
mill per minute, or 140,000 lb of steam per hour Rae 
per minute for the boiler. This increase in evapo- 600} | 
ration represents 100 per cent change if referred to LRG 
the load at the beginning of the change, and 14 per QO) Z| 
cent change if referred to the maximum capacity. a oe S 
Very little change is required in the primary-air 400) Zita ~ 
control for the full range of mill capacity, and this Se aan ce j Eyleuees iver hots [aarti 
may be accomplished with one or two adjustments ww 4 5 i os a ICT ee 
TLL Paedeoremtired 7 | usrteoriemired | 


ple automatic control could be provided which 
would independently maintain constant air flow 
through the mill for practically all conditions. 
This would lessen the probability of a mill plug- 
ging up and would simplify operation somewhat, but operating 
conditions thus far have not warranted this refinement. 


Bre. 12) sir 


SLAGGING 


With the load conditions necessitating shutting down these 
boilers about eight hours daily on the midnight watch, a problem 
was introduced in slag removal. This was somewhat aggra- 
vated by the occasional delivery of coal having a high fusion ash 
and the necessity for running a rather high furnace draft to pro- 
tect the upper seal in the furnace against the furnace-stack effect 
and consequent gas pressure. The high furnace draft greatly in- 


Mp LAG IN THE CHANGE oF StHAM FLow AFTER A CHANGE IN COAL 
Freep (INcREASE IN Coat Frep), BoILer 92 


(Note: The Rate of Change, at top of diagram, should be 38,400, instead of 38,000.) 


convenienced slag removal, due to the chilling effect of the air 
drawn against the slag stream at high velocity through the slag- 
tap opening. The chilling of the slag necessitated almost con- 
tinuous use of bars and hooks to keep the slag flowing, at the 
expense of much physical labor. 

The situation was improved somewhat by the substitution 
of water-cooled slag liners, to which the slag did not adhere so 
tenaciously. This rendered the labor of clearing the slag spout 
much easier, but still required, with normal grades of fuel, con- 
stant attendance to insure a continuous flow. Tests were made 
with fluxes, and some improvement in slag removal resulted. 


TABLE2 TEST OF BOILER NO. 92, HELL GATE STATION—RESPONSIVENESS OF BOILER TO DECREASE IN LOAD 
——Steam flow, 
1000 Ib e- Period 
per hr De- crease Under- of ——Rate of —~ Change 
e- crease — Speed of coal-—— in travel under change in in 
fore After in feeder motors, rpm coal- of travel steam flow, steam Change 
change change steam Min- feeder coal of 5 Ib per hr pres- in 
in in flow, mum speed, feeders, coal Time ; per min sure, water 
coal coal per during per per feeders, lag, Air Per Per lb per level, 
feed feed Diff. cent Initial change Final cent cent min min? supply® boiler mill sq in. in. 
750 540 210 28.0 855 587 587 31.0 0 0 4.75 FS 44,300 11,075 — 7.3 +1.0 
690 410 280 40.6 800 450 450 44.0 0 0 4.25 FS 65,900 16,475 — 3.0 —3.5 
680 490 190 28.0 925 500 700 24.0 29 2.0 4.0 FS 47,500 11,875 —14.0 —-1.5 
590 400 190 32.2 800 250 500 37.5 50 1.5 3.75 FS 50,800 12,700 — 6.7 —1.7 
620 410 210 33.8 800 250 500 37.5 50 1.5 3.5 FS 60,000 15,000 — 5.8 —2.3 
630 400 230 36.5 800 250 500 37.5 50 2.0 4.0 FS 57,500 14,375 — 6.2 —-1.5 
690 400 290 42.0 950 250 500 47.0 50 2.0 4.5 FS 64,400 16,100 + 9.0 —2.0 
690° 400 290 42.0 850 606 606 29.0 0 0 3.75 LS 77,400 19,350 — 7.3 —0.5 
@ During this test the speed of the coal feeders was decreased in three steps, 80 as to approximate an automatic control. » Time lag represents the interval 


of time required for the stabilization of the steam flow after a c 


air supply leads the steam change. 


hange in the coal feed. 


¢ FS means the air supply follows the steam change; LS means the 
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The fluxes, however, did not seem to combine chemically with 
the ash, but appeared to form an insulating scum on the surface 
which protected the underlying slag against the chilling effect of 
the inrush air. The method of introducing the fluxes was rather 
crude, but the benefit appeared to be physical rather than chemi- 
cal. This also seemed to be borne out by the fact that fluxes 


ambient temperature conditions prevailing are re- 
produced in Fig. 15. The decline in pressure has 
been used as a measure of radiation, and while this 
is not a strictly accurate method, it is an indication 
of relative value for comparison purposes. The 
pressure in one of the boilers of the unit declined 
more rapidly than the other, due to the fact that 
damper leakage on that, half was somewhat greater. 
Immediately after shutting down there was a slight 
delay in closing the dampers, after which, it may be 
observed, the pressure in the boiler increased due to 
the absorption of heat from the hot slag bottom. 

After about six hours the rate of change in heat 
content of water in the boiler became nearly con- 
stant, and this may be regarded as a rough in- 
dication of the radiation rate. This rate of radia- 
tion is equivalent to about 0.2 per cent of the heat 
input at maximum capacity. This method of ac- 
counting presupposes water temperature through- 
out the boiler corresponding to the pressure and 
includes the water equivalent of the metal parts in 
contact with the boiler water. Undoubtedly, a 
large proportion of the heat loss is due to unavoid- 
able infiltration and damper leakage, and it is prob- 
able that the hot slag bed acts as a heat accumu- 
lator in reducing the rate of pressure loss in the 
boilers. In any event, the characteristic is advan- 
tageous in this installation, since it simplifies the 
problem of starting the boiler daily after an over- 
night shutdown. 


Primary Air 


The primary-air fans are located on the inlet side 
of the mills with the mills operating under pressure. 
The primary-air supply to the fans is taken from 
the main air duct and protected against possible 
backflow by light unbalanced non-return dampers. 
In addition, the primary-air supply pipe is extended 


ae al 


which should be expected to have little effect in depressing the 
melting point appeared to have a pronounced influence in pre- 


venting chilling of the slag stream. 
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As a final corrective measure one slag opening and its receiving 
chamber were encased, and means were provided for inducing 
draft in this chamber during the slagging period. By inducing 


draft in this chamber greater than that existing in the furnace 
hot gases from the furnace are withdrawn with the slag instead 


= 


fo | 


T 


of permitting cool air to exert a countercurrent effect on the slag 
stream during its passage. This resulted in a marked improve- 


N LAST PASS 


ment in the slagging operation, eliminating the frequent use of 


hooks and shortening the time required for slag removal. With 
this improvement, slag which is fluid enough in the furnace to 


PER|CEN co, ! 


approach the opening may be readily withdrawn. 


Coouine RATE 
The boilers have a low radiation loss due to tight, well-insu- 
lated settings, with slag bottoms and tight-fitting uptake damp- 
ers. Observations made, during a shutdown in winter with low 
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' rations and arrangements for the evaporative tests 
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vertically a substantial distance within the air duct, 
so that it does not communicate with any part of 
the plenum chamber adjacent to the burner open- 
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OBSERVATION OF A GRADUAL LOSS OF DRUM 


ADIATION TEST |— pressure WITH THE BOILER ISOLATED 
= ia + 


iL ue 


ings into the furnace. As an additional precaution 
a balanced relay is provided to cut out the mills 
and other apparatus in the event the furnace pres- 
sure exceeds the air-duct pressure for an appreciable 
time interval. 


TEST PROCEDURE 


The tests were conducted by a staff of experienced 
engineers under the direction of the engineer of 
tests, with the cooperation of the manufacturer’s 
representatives. Special care was exercised in prepa- 
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DRUM PRESSURE — LBS PER SQ. IN.G.. 


to render the results accurate and reliable. Means 
of measurements of some of the quantities are indi- 
cated by illustrations and diagrams, and reference 


i 
‘2 


OF CHAN IN HE 


DOWN ea | 
B — 
| = Ls 
MIS el DS ron 
ae AVERAGE PRESSURE oe 
<a OF UM ea 
eee 1S 3 
lw 
we 
ips _HODOO|E ce 
ra a has 3 
feck Ss H Nose pes 
al - 
~ il 3% 
>i Ql? = 
EAST DRUM Bh a a 
PRESSURE / 4 yar 
« E OF CHANGE IN " sa , 4s 
2 MARIZED HEAT CONT! KK Sie 
ig WATER AND PRESSURE PAR il S0000),,, < 
eS Eas 
jose 
DW 
3 S6 
se] 20000 = q 
E ige 
< 
= 


will be made only to some of the more important 
items. 
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Coa 


The weight of coal was obtained from Richardson 
dump scales, with which each mill isprovided. Thesescales are 
adjusted to deliver 400 lb at each dump, which rendered checking 
very convenient by the use of eight 50-lb test weights. Frequent 
checks were made on the balance of the scale during the test, and 
adjustment for impact was found unnecessary due to the uniform 
texture of the slack coal which was used. At the beginning of a 
run for a chosen rate of evaporation the exact time of a scale 
dump to each mill was noted and the reading of the counter was 
taken by individual observers. Thereafter, the counters were 
read hourly and so continued until the end of the run, when they 
were taken in the same manner as at the beginning. 

The hopper and chute capacity between the scales and mills is 
about 5 tons per mill, or 20 tons per boiler. With the uniform 
grade of fuel used, there was little likelihood of appreciable error 
introduced by this intermediate storage due either to differences 
in composition or density. Variations in moisture and ash were 
small throughout the series of tests. 

Samples of raw coal for moisture and Btu values were taken 
every hour, simultaneously. The moisture sample was collected 
in two 2-qt Mason jars, which were carefully sealed. One jar 
was delivered to the company laboratory and the other to the 
manufacturer. The Btu sample was collected in a large can 
equipped with a cover. At the end of each run the coal from the 
can was quartered, and a sample was taken again in two 2-qt 
Mason jars, one for the company laboratory and the other for the 
manufacturer. A sample of the pulverized coal at each burner 
was taken hourly. A graded traverse of the coal pipe was made 
with a sampling tube through which the coal sample was dis- 
charged into the pail. The tube was connected to the pail with 
a conical sleeve made of 10-oz canton flannel, selected for its 
ability to retain the finest coal. Pains were taken to make this 
apparatus leakproof against coal dust. At the conclusion of a 
run a careful sample was drawn from each of the three pails serv- 
ing a single mill and was collected in two 2-qt Mason jars, sealed 
and labeled, one for the company and the other for the manufac- 
turer. Thus the fineness samples for each run were contained in 
eight Mason jars. 


FEEDWATER 


Feedwater was measured by means of venturi tubes and ma- 
nometers. Two tubes were used—one of 600,000 lb per hr capac- 
ity in the east section and the other of 400,000 Ib per hr capacity 
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in the west section. In order to maintain steady flow for ac- 
curate measurement with the venturi meters, boiler 92 was shut 
down and blanked off, so that the feedwater loop serving this 
boiler could be utilized in passing the feedwater to the west side 
section of boiler 91. 

The manner in which the feedwater measurement in each sec- 
tion was taken care of was as follows: A venturi manometer in 
each section was placed at the boiler-drum floor level close to the 
station of the operator, who, by the manipulation of a chain-oper- 
ated feed valve, maintained the reading of the manometer con- 
stant as long as the water in the nearby gage glass remained at the 
allowable level near the center of the gage glass. At the begin- 
ning of each run it was aimed to have the level in the gage glass 
in the middle, and the exact level was marked so that at the end 
of the run it could be properly reestablished. Drum pressures at 
termination of each run were maintained as close as possible to 
those existing at the start to obviate errors due to changes in 
heat quantities in the boiler contents. Both venturi tubes had 
been calibrated, together with the manometers, before the test, 
and they were found accurate within one-fourth of 1 per cent. 

For readings beyond 800,000 Ib per hr, at which the capacity 
of the venturi manometer on the west side was exceeded, a similar 
manometer was employed to read the differential on the steam 
nozzle serving the west side Bailey steam flowmeter. A similar 
arrangement was also used on the east side, but was supplemented 
by reading the regular venturi manometer in the feedwater lines. 
Both steam-flow venturi manometers were calibrated with the 
feedwater venturi meters. Temperature of the feedwater at 
entrance and exit of both heater and economizer were read with 
accurate chemical thermometers. 


Friy AsH 


In the measurement of fly ash, efforts were made to obtain 
accurate measurement of losses without necessitating an elabo- 
rate arrangement. At the boiler outlet of each section a suitable 
horizontal lane for sampling fly ash was chosen, as shown in 
Fig. 16. This lane contained equidistant holes, through each 
of which normally was inserted a movable tube drawing a sample 
of cinder-laden gas in three different positions, as illustrated in 
Fig. 17. Care was exercised in drawing this sample at the same 
velocity as that of the gas at the point of sampling. This ve- 
locity was determined at the beginning of the run with a pitot-tube 
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traverse and was checked occasionally during and 
at the end of the run. Temperatures of the gas 
at the points of sampling were measured with a 
thermocouple at the same time the pitot-tube 
traverse was made. For the values of velocity and 
temperature thus obtained a rate of gas sampling 
was read from a calibration curve for the indi- 
vidual orifices serving each sampling tube. This 
rate was determined by the pressure differential 
across the orifice and was maintained constant, 
throughout the run as long as the gas velocity, tem- 
perature, and suction remained unchanged. Ori- 
fices were calibrated with commercial gas meters, 
which in turn were standardized with a standard 
gas meter provided by the gas company. In this 
calibration actual flue gas was employed. The 
gas sample was drawn by means of an air-actuated 
aspirator, as shown in Fig. 17. 

This gas, on leaving the sampling tube, was 
filtered through a bag, contained in a carefully 
sealed Mason jar. The material of the bag was 
10-oz canton flannel chosen from a selection of 
other weights as the most suitable for its ability to 
retain finest cinders without offering undue resis- 
tance to the gas flow. The bags were weighed be- 
fore each run, the tare weight being subtracted 
from the gross weight of bags containing cinders 
at the end of the run, after a preliminary drying. 
The resulting net weight of cinders divided by the 
measured quantity of gas, corrected to standard 


Operating Connections: 

Pressure (Air): 

10 Air-heater inlet, 1 point 

20 Air-heater outlet, 1 point 

30 Secondary-air duct, 1 point 

(Note: The regular operating connections were used in 
| obtaining test results.) 


Test Connections: 

Thermocouple: 

1T Boiler outlet, 8 points 

2T Economizer inlet, 3 points 

3T Air-heater inlet, 3 points 

4T Air-heater outlet, 3 points _ 
5T After induced-draft fan, 3 points 
6T Secondary-air duct, 2 points 
Gas Sampling: 

1G Top of first pass, 3 points _ 

2G Bottom of second pass, 3 points 
3G Top of last pass, 6 points 

4G Boiler outlet, 6 points | 

5G Economizer inlet, 3 points 

6G Economizer outlet, 3 points 

7G Air-heater outlet, 3 points _ 
8G After induced-draft fan, 3 points 


Draft (Gas): 
1D Furnace, 1 point 


2D Economizer inlet, 1 point 

3D Economizer outlet, 1 point 

4D Induced-draft-fan inlet, 2 points 
5D Induced-draft-fan outlet, 2 points 


Pressure (Air): 


1A Forced-Draft-fan outlet, 1 point ; 
2A Secondary air at burner chamber, 3 points 


3A Primary air and coal mixture at burners, 6 points 
Temperature: 

1S Calorimeter, 4 points | 

2S Superheater outlet, 2 points : 

3S Primary air and coal mixture, 6 points 

Pressure (Steam): 

1P Drum, 1 point ‘ 

2P Superheater inlet, 1 point 

3P Superheater outlet, 2 points 

Fly Ash: 

IF Boiler outlet, 8 points 

(Note: Dampers were open during tests, although shown 
closed in the drawing. Test connections are symmetrical 
about the center line of the boiler, except for 5T and 8G. 
The number of points refers to one side of the boiler 
only.) : 
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conditions, gave the density of cinders in the flue gas. Fineness 
tests and combustible determinations were made on the cinder 
, samples that were obtained. 


FLuE Gas 


Owing to the great width of the boiler-outlet connections, six 
gas-sampling tubes were employed. To simplify the problem 
of gas analysis, an average sample was drawn from every three 
} sampling positions of a given region and passed through a common 
- bubbling bottle to an Orsat apparatus. Gas temperatures were 
measured chiefly with calibrated thermocouples. Gas tempera- 
tures in the furnace were obtained by the manufacturer’s repre- 
sentative with an optical pyrometer. 
STEAM 
4 The quality of steam entering the superheater at each section 
was determined with four steam-jacketed calorimeters about 
) equally spaced. The normal correction for this type of calorime- 
ter is very small, and since tests indicated a blank correction 
) of less than one-tenth of 1 per cent, no correction was applied to 
the observations. Temperatures of the superheated steam were 
read with accurate chemical thermometers. Steam pressures 
at the drum outlet and the superheater inlet and outlet in each 
\ section were read with the same calibrated gages connected to a 
common manifold which served all the pressure points. 


‘ 


| GENERAL 
During the tests observations were made covering the perform- 
ance of all major auxiliaries as well as the feedwater heater. 
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Fig. 17 Fuy-Asn Trst Layout 


All gages were calibrated before and after the test, while the 
- potentiometer used: with the thermocouples was calibrated be- 
fore the test. The tests here reported consisted of six runs, con- 
ducted in the following order: 


Rating, Duration, Number 

Run No lb per hr r of mills 
Dh koer alse Renee. 402,700 10 3 
aah cise eee caters 542,100 8 4 
EEG. cek haga 689,800 10 4 
BS eae & eae 688,100 8 4 
Aiea tae tota hans 791,300 8 4 
Pe OeiPathn. wae 923,200 6 4 
6. ais cRvatelete se 1,078,000 (max) 2 4 
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[ |TEST|NO | ARIATION IN FLY ASH [DENSITY Us pris 
+—+— Results of the tests were 
= Tae aaa | [ >a a calculated in accordance with 
| ae Evenel ale ; : : = the latest issue (January, 1930) 
3 east puck WEST DUCT He / of the Test Code for stationary 
4 sot = T IF t a =. = ji 7 == ae) ll steam-generating units, use 
s \ I\ | = Be i \ / being made of Table S-4-b for 
= 46 ap ane LS / heat balance. To render the 
3 Vi =A \ | e / \ ae 5a heating value of the coal more 
S al \\ Wi 5a |e / ( ft \\ truly representative in the com- 
0 Mi EON eso |e I f g NK alee putations of the heat balance 
[e Nb Al ae 1 HIS He bey \\ for each run and by agreement 
\ ZL ieee easy = NOEI with the manufacturer’s repre- 
S iy es of / \ sentatives, an average of the 
LS Nf {| __}+__1 i= : if We following three values was 

> V/; ray = a used: 

ete 1 o \ Sb That determined by the 

G | wi 1 
3 eel eee) eel manufacturer for his sam- 

ple 
i t That determined by the 
| | United company for its 
T : ate | sample 
That from the analysis by 
3 5 7 On Douay en tes the United company of the 
Nee SAMPLING PdSITIONS | Soy NORTH | SAMPLING POSITION > manufacturer’s sample. 

Fre. 20 Vartation In Fuy-Asa Density, Borumr 91 This method of averaging 


was applied to the complete 

Prior to each test run the tubes of the boiler, economizer, and coal analysis, both for the proximate and the ultimate. 
air heater were blown by means of soot blowers. Before starting Curves shown in Fig. 18 give, in a graphic form, the approxi- 
any test, the boiler was operated at the chosen rating for several mate relationship between the three components of the total ash 
hours, and secondary air was adjusted to give ap- 
proximately 15 per cent CO, about /2 hr before ac- 
tual testing commenced. 

In the case of run No. 3, which was scheduled for 

8 hr duration, it was observed that during the first 
two hours, evaporation was improving steadily. 
This observation led to the belief that for this 
higher rating than the previous ones the boiler 
needed longer time to reach stable conditions. Asa 
result the original run was prolonged by two hours, 
and test No. 3a is therefore the official run. 

Pulverizing characteristics and mill limitations 
at the time of the test made it necessary to employ 
only three mills during run No. 1. It was also 
these limitations that made operation at substan- 
tially lower rating somewhat uncertain. The ions 
maximum rating test was run in the evening, and eset sl ~ 
to avoid an unnecessary hazard the manual control 
of the feedwater was dispensed with, recourse 
being made to the standard automatic water regu- 
lation. 

The venturi manometers were read every 2 min. 
Excess air was reduced to maintain about 17 per 
cent CO, for the purpose of reducing the duty on the 
induced-draft fans. Smoke at the stack for this 
rating did not appear to be of a prohibitive density 
and differed very little from that observed during 
the preceding run. 

The entire series of tests were conducted in close 
cooperation with representatives of the manufac- 
turer. Aided by their assistants, they made sup- 
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RECIRCULATING 


HEADER 
plementary observations on the primary-air supply 
to the mills, on the temperatures of the Bailey vine Hi 
blocks on the furnace walls, and on the tempera- HEADER 


ture of the furnace. Fig. 21 Recrrcunration D1acraM, BoriER 91 
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at various ratings. The ‘‘fly ash to uptake’? component was 
determined at all ratings by measurements. The other two com- 
ponents were determined on the following basis: For the low 
rating, the ‘‘ash slagged in furnace’? component was estimated 
45 per cent, this figure being substantiated by the experience 
of the manufacturer, and the “ash shelved” component was 
determined by the difference; for the high rating, it was observed 
that the “ash shelved” component was zero, due to high gas 
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velocity, and the ‘‘ash slagged in furnace” component was deter- 
mined by the difference. Although the ‘‘ash shelved” component 
could not be accurately measured, its content of combustible 
was determined from the samples taken from various baffles. 
The content of combustible in the fly ash to uptake was deter- 
mined by measurements, and the ash slagged in the furnace was 
assumed to contain practically no combustible. 

Figs. 21 and 22 illustrate various features of this installation. 
The results of the test are given in a graphic form in a series of 
curves and also in Table 3. 

The general data on the major boiler equipment are included 
in the Appendix. 

The author gratefully acknowledges the assistance rendered 
by his associates and the manufacturer’s representatives in the 
preparation of this paper. 


Appendix 


DATA ON THE MAJOR EQUIPMENT OF THE 90-ROW BOIL- 
BRS, HELL GATE STATION 


Number of boilers, two 
Year of installation, 1930 
Boiler: Babcock & Wilcox sectional, twin, cross-drum, water-tube 
type 
Drums: Two drums (one for each half) 72 in. diam, 17/s in. 
thick, 40 ft 9 in. long 
Tubes: 58 sections of 18 tubes 4 in. o.d. No. 6 Bwg, 20 ft long in 
each half of the boiler 
Heating surface: 53,926 sq {t 


Water walls: Bailey blocks mounted on 4-in. o.d. No. 6 Bwg 
tubes, spaced on 6 in. centers; manufactured by Fuller Lehigh 
Company. (The Bailey blocks are of three types, the refrac- 


TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THEJUNITED ELECTRIC LIGHT AND POWER COMPANY 


Item 
il Ma HO SLO MO RDO D mon Oo DOO Sia cat! O90 al 
2 Date of tests, 193 Users ee cslerde erase lien eiaice ee. 12-2 
3 Duration of test, br... ..-0-2- 60+ -s settee tees: Sic 10 
Fuel, Proximate Analysis (Dry): 
4 Volatile matter, per cent.....----+++esesrrrree 22.46 
5 Fixed carbon, per cent.....-.--+-++ssertrr et 70.17 
6 Aish, per! Cert s.\.see states serie neces 7.36 
7 Moisture (as fired), per cent....-..+----+serreeee 3.90 
8 Heating value per lb (as fired), Btu 14,012 
9 Heating value per lb (dry), Btu...-------+++-+200> 14,581 
10 Fusion temperature of ash, F......------+sss0sse0e0s 2,405 
Fuel, Ultimate Analysis (dry): 
11 Garbon, per Centme secre iret so sat oe 83.05 
12 Hydrogen, per cent..-..+-++eerererr rect terse 4.45 
13 Oxygen, per cent....---.-+eeer reser eres ; 3.36 
14 Nitrogen, per cent... ..+---erseer sess rtet cree setts 1.08 
15 Sulphur, per cent....--2+2++-sencer eres tense cscs: 0.70 
16 ASH per! Centen a speterielerientelet= he legn ccs a2 orien eta caine 7.36 
Pulverized-Fuel, Proximate Analysis (Dry): 
7, Volatile matter, per cent......+eeeee ree rssertrerrst 22.30 
18 Fixed carbon, per cent........2+sererercsrrer seer 71.76 
19 INO Co diiada uo Gd dlen comagg0adoNs Sane goS GDN AE gS 5.94 
20 Sulphur, per Contam. were masse anon uae 0.58 
PBN Heating value per lb, Btu....-.---++e ss seesrrctrt 14,767 
Fineness of Pulverized Fuel (as Fired): 
22 Mill No. 1: 
Through 48 mesh, per cent....-.-+++ssserreerrrteee 98.5 
Through 60 mesh, per cent....-.++++2sserrcrrerrres 93.5 
Through 100 mesh, per cent......--++2222ercr treet 86.0 
Through 200 mesh, per cent.....----++sererset tect: 63.0 
23 Mill No. 2: 
Through 48 mesh, per cent....-.----+-seserrrr ttre 99.0 
Through 60 mesh, per cent....---+++++-seerrrrrrees 96.0 
Through 100 mesh, per cent...-.-.-+++- s+ reste 93.0 
Through 200 mesh, per cent....---++-++++sseretres 77.0 
24 Mill No. 3: 
Through 48 mesh, per cent.....+.+0+-+eeerse ener rts teres a 
Through 60 mesh, percent.....---2e++sreeerer setts ttt a 
Through 100 mesh, per cent......+--+s+-rererersr ss rte ee 
Through 200 mesh, per cent....-.+-+eeesreercretees ttt Us 
25 Mill No. 4: 
Through 48 mesh, per cent.....----+++eseerrrr tees 98.0 
Through 60 mesh, per cent.....----++++rserrerrrtte 93.5 
Through 100 mesh, per cent....-.---++-sererrrrrtes 87.5 
Through 200 mesh, per cent.....--+--++rrererrrrecs 64.5 
Gas Analysis, Furnace: 
26 COs, per: contac cick sini ast to ede eae coe Gre cesccene 15.6 
PM Os, POR COleictciescis alors -eteiecueiennte Caterer rene eae 3.4 
28 COs pericentinc cece terior ata er teres ete reece ene 0.0 
29 ING: per (Combes stave cteterey ete sl en aterr Rees nanoscale 81.0 
Gas Analysis, Boiler Outlet: 
30 GOz, per cena ne circa te eet ie ieee acr = 15.2 
31 Os; Dericolitacn -e cc cl eitiety = tee rstanolgiebsas ire srtanse 3.9 
32 GON per Cont soca risrec ene etek 712 epee rereradnere el stese cle me 0.0 
33 INAS Sere Ji mar ne ae ao oO so co snan CoO HOODILS ODOR GOS HOD- 80.9 
Gas Analysis, Economizer Outlet: 
34 COs, per Cent. .-...++s enn sencerrecerrrs 14.9 
35 Qo, PET CONG. 6 50 -pr see are wenn cles ote 4.1 
36 CO, per Cent..... cree sees eee e ee eeens ts 0.0 
37 INopspef conta. se srcies eet a alslecianeeicr se ance we 81.0 
Gas Analysis, Air-Heater Outlet: 
38 GOs; per Cents. acmiterlete ore mictelaein anh fereinl eelcioresaee scale 14.4 
39 Qeysper Cont cticiepum elses ee ett svete s etreve elec sieiacstel reeked 4.7 
40 COP pericentiy ermine ereeinials years tep icant enes rks 0.0 
Al No, per cent.....---- ee eeeeerecs iu Py Maa E Stovevarerenereleratereve 80.9 
Gas Analysis, Induced-Draft-Fan Outlet: 
42 CO:, per cent... 13.9 
43 Os, per cent.... 5.1 
44 CO, per cent... 0.0 
45 No, per cent......-+.+++0% 81.0 


@ Not in operation. 


2 3 4 5 6 
12-3 12-4 12-7 12-8 12-9 
8 8 8 6 2 
22.57 22.37 21.94 21.39 23.01 
71.28 72.37 71.62 73.18 71.33 
6.15 5.26 6.44 5.43 5.65 
4.15 4.15 4.55 4.20 4.90 
14,200 14,350 14,055 14,265 14,130 
14,814 14,967 14,734 14,899 14,855 
2,425 2,435 2,428 2,448 2,445 
84.35 84.78 84.10 84.83 84.54 
4.49 4.77 4.59 4.54 4.49 
3.29 3.50 3.15 3.41 3.57 
iA 1.16 1.15 1.16 1.21 
0.55 0.54 0.57 0.59 0.53 
6.15 5.26 6.44 5.43 5.65 
22.00 23.00 22.40 22.60 22.50 
72.38 71.44 72.05 72.26 OY 
5.62 56 5.55 5.14 5.53 
0.60 0.55 0.55 0.56 60 
14,842 14,811 14,808 14,889 14,808 
99.0 97.5 98.5 O70 96.5 
95.0 92.5 91.0 90.0 90.0 
89.5 88.5 85.0 82.0 83.0 
70.5 74.0 59.0 63.0 63.0 
99.5 99.0 99.5 99.0 98.0 
96.0 95.0 96.0 93.0 91.5 
93.5 92.0 93.0 87.5 85.5 
78.0 74.0 76.0 68.0 65.0 
91.5 95.0 96.5 98.5 96.5 
85.0 89.5 91.5 94.0 91.0 
81.0 81.0 85.5 86.0 85.0 
66.0 63.5 60.5 60.0 63.5 
99.0 97.5 98.0 97.0 97.5 
94.5 93.0 91.0 89.5 91.5 
89.0 87.5 84.5 83.0 86.5 
69.0 66.0 61.0 58.0 68.0 
15.9 15.8 15.8 15.8 17.9 
3.0 3.2 2.9 3.3 0.3 
0.0 0.0 0.0 0.0 0.0 
81.1 81.0 81.3 80.9 81.8 
15.0 15.1 15.1 14.9 16.6 
4.1 4.0 4.0 4.3 2.4 
0.0 0.0 0.0 0.0 0.0 
80.9 80.9 80.9 80.8 81.0 
14.8 14.8 14.7 14.5 16.0 
4.3 4.3 4.4 4.8 2.9 
0.0 0.0 0.0 0.0 0.0 
80.9 80.9 80.9 80.7 81.1 
14.2 14.3 14.2 14.2 16.0 
5.0 4.9 5.0 5.0 2.9 
0.0 0.0 0.0 0.0 0.0 
80.8 80.8 80.8 80.8 81.1 
13.8 13.8 13.6 13.4 15.2 
5.3 5.3 5.6 5.8 3.7: 
0.0 0.0 0.0 0.0 0.0 
80.9 80.9 80.8 80.8 81.1 
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TABLE3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND POWER COMPANY—Continued 


Test No..... Rialerajel voles \niake Eielanaveieisietare,e @)<stermteia)avawa's/e wiles 1 2 3 4 5 6 

Item 

Dry Gas per Pound of Fuel (Dry): 

} 46 Furnace, Ib...-.--2-ssseeee cee eee creer eter eset ences 13.40 13.47 13.43 13.34 13.43 10.86 
47 Boiler outlet, Eb ero rerciotetetevctictsl cree) orsiaie (olislerehelnivisisis/e sie leieie 13.74 14.10 13.95 13.86 14.17 LEEL 
48 Economizer OU GLO LM Dts eres clesefaletel efor Pape, \eieleie)e\etoce eiexe 14.10 14.32 14.30 14.29 14.57 12.10 
49 Air-heater outlet, Ib.....-+-. esse cece rere teeter er eees 14.46 14.87 14.75 14.77 14.87 12.10 
50 Theoretical, Ib........0e2 ee ce cece cece cece ee eeeeceeee 11.48 11.53 11.69 11.58 11.65 10.70 

Air Supplied per Pound of Fuel (Dry): 

51 Furnace, Ib......-. sees cece eee ce eet e reenter eet es 12.89 12.84 12.93 12.83 12.91 10.41 

9, 52 Boiler outlet, Ib..........: eee reece eee eset eee e eens 13.23 13.57 13.45 13.35 13.65 11.26 

V53 Economizer outlet, PRs etree nina wear ale-erete ns aah. sie) aietwunie oss 13.59 13.79 13.80 13.78 14.05 11.65 
54 Air-heater outlet, [see Shr Pio GeO OBO BGS oo ere Onc 13.95 14.34 14.25 14.26 14.35 11.65 
55 Air supplied by cooling blower, lb 0.42 0.29 0.23 0.20 0.18 0.14 
56 Moisture in air, lb per Ib air......---6 ee ee eee eee ee eee 0.0048 0.0063 0.0102 0.0073 0.0104 0.0177 

Pressures and Drafts: 

57 Water pressure economizer inlet, lb per sq in. gaged..... 391.1 390.6 386.5 402.4 401.8 427.5 
58 Water pressure economizer outlet, lb per sq in. gage?.... 387.4 384.2 375.5 387.0 380.5 399.0 
59 Steam pressure boiler, lb per sq ANA ALSO eae) icin el 279.9 291.4 302.2 310.1 315.0 325.7 
60 Steam pressure superheater inlet, lb per sq in. gaged..... PUT 287.5 296.3 302.6 304.7 310.5 
61 Steam pressure superheater outlet, lb per sq in. gaged.... 271.3 275.8 278.5 279.3 273.6 269.5 
62 Pressure loss in economizer, lb per sq i1n.b.......-+--+++ Sad 6.4 11.0 15.4 PAS: 28.5 
63 Pressure loss in superheater, lb per sq in.b............+- 6.4 1127, 17.8 23.3 31.1 41.0 
64 Pressure loss between drum and superheater outlet, lb per 

) AG Lines oH glued BD ne 6 > Ja 0 0g 0b Sac op oO Geo rE Rogan 8.6 15.6 23.7 30.8 41.4 56.2 
65 Draft in furnace, in water.......-. eee ee cere tere tees 0.09 0.10 0.10 0.09 0.10 0.12 
66 Draft at economizer inlet, in water.......-.+seesse cere 0.7 1.8 3.4 4.6 6.4 6.7 
67 Draft at economizer outlet, in water.......-.+++++e+55: isa! 225 4.4 6.0 8.3 Siig, 

/ 68 Draft at induced-draft-fan inlet, in water.......---+--+ 1.5 3.3 6.0 8.3 11.6 12.3 
69 Draft at induced-draft-fan outlet, in water.........-+-- 0.3 0.2 0.0 +0.1 0.0 +0.2 
70 Draft loss, furnace to economizer inlet, in water........ 0.6 ey, 2.3 4.5 6.3 6.6 
71 Draft loss, economizer inlet to economizer outlet, in water. 0.4 Ory 1.0 1.4 1.9 2.0 
72 Draft loss, economizer outlet to induced-draft-fan inlet, in 

Oy COT Ie erate rete cbarelierorevel eVahslisl’eveteivistsierereieie s/sleisp) 16 0.4 0.8 1.6 2.3 3.3 3.6 

\ 73 Draft loss, furnace to induced-draft-fan inlet, in water... . 1.4 3.2 5.9 8.2 ate 3) 12.2 

174 Draft loss, induced-draft-fan inlet to induced-draft-fan 

Steet oO 0 CO COOLIO SIE OOOO ee 1.2 3.1 6.0 8.4 11.6 12.5 
75 ~-Pressure at air-heater inlet, in water......-.-+.+s+es505 3.0 4.58 5.94 7.30 8.40 8.60 
76 ~—Pressure at air-heater outlet, in water......--.-+++-++- 2.74 4.14 §.11 6.40 7.30 7.20 
VC Hose 0.26 0.44 0.83 0.90 iPETRS) 1.40 
r), in water (3 burners per 
mill): 
78 IVE TIT ING shel Aoi eer cies claret ehetentiels)atr)jels ors eitie Sieiei/ sera eieuree 1.40 1.30 1.92 1.80 2.00 2.50 
INN INGon 1s 18s, 40 oheow ane 0008 ODD DEER eR OnE OCIo 1.10 1.00 1.46 1.40 1.40 1.50 
WRT i Us ele Sic sceietntn elle re 2 sina ole pdreisie amines oe te 1.30 1.20 eres 1.60 2.00 2.60 
79 PRAT TIMIN ns She Ata rareie tole igforeners rolex alse aie sse'eimiere:s 1916i0)0@)0)*).eh° 1.20 1.10 1.62 1.60 1.59 2.40 
IMI ING), Sy Llp sa censors a coe nUOOU Ose aonamO oun OO 1.73 1.53 1.91 7S 1.93 2.52 
ME Nira cera eras sve chai ene se) aS i0ce oi ovecoiecn oo) #8 cneia) nye0 60/40 1.65 1.37 1.98 1.89 2.04 2.62 
| NETITEN OM sae ernie tele ileye: cavrrminjelaaleleisiei= mise ininisieieieie)  :0\'0/e\0 a 1.30 1.67 1.60 1.60 2.10 
IV BUIN iS B38 1 8 Bono OOO DO 0 Oe Cra Do Cio Sm CO n SLRS Ok) sac eae cm 1.10 1.62 1.50 1.60 2.10 
WEL INOS Sp CLG soba scan suing OO Ge en DU cr Oaeono cm MEI ve! 1.20 1.59 1.40 1.60 2.10 
INBULIN GO, CWP Renda og 6 0 Oem CDE COU Dai mics Hci io 1.13 1.22 1.65 1.46 1.72 2.04 
DRS TU p IN Gat se Bs etree ret teve atatode ir. efsinxereie svete @icin ie eleiaiebelets « e 1.78 1.72 2.15 1.86 2.28 2.62 
MLN foc (Ce detec saane (OOO RO COROOn DU OtICD Ginnie 1.42 1.37 1.85 1.52 1.83 2.18 
Secondary air pressure at burner, in water: 
TE hth oe pe 6G Bio > SOTO OG Ei Gor TEED ao OlCsore inacachon 1.92 2.54 2.68 3.31 2.76 2.93 
DU aGIRTEO Re Decorate eanet Vale o's’ a. viele eis evel ois elatera. ix 2.00 2.50 2.80 2.90 2.90 2.79 
Temperatures: 
84 Steam temperature at superheater outlet, FO....-..-+-- 663.2 718.3 739.1 752.5 761.8 713.0 
85 Moisture in steam, per centd........ ees ee reece rere 0.20 0.23 0.27 0.23 0.28 0.4 
86 Superhest, Onc cies cle veils sm ve inlet ee eens ciclesis 250.2 303.9 323.9 337.0 348.1 300.6 
87 Temperature of coal-and-air mixture at 131 131 131 120 110 108 
88 Temperature of air entering air heater, wet, Fb.... 57 60 67 61 59 75 
89 Temperature of air entering air heater, dry, Fo... : 80 82 85 78 60 76 
a Peper Rules e oe leaving air Bester: Fo. 5 Sans rae 215 232 246 246 253 267 
1 emperature of furnace (optica. ometer), F: 
Tunaace temperature, ee ihsCiC sk Pia Wes ehecs wikiiel theanserelena 2470 2408 2400 2460 2450 2655 
Furnace temperature, flame.....----++--22sssererttee 2600 2741 2793 2580 2773 2873 
Furnace temperature under first row of tubes? ....+-.... 2250 2372 2440 2450 2496 2500 
92 Temperature of gases leaving boiler, ED: Cte ce) vere srere 504 554 596 625 660 652 
93 Temperature of gases leaving economizer, 1S aeO Ore 334 366 396 412 436 448 
94 Temperature of gases leaving air heater, (on 46 oc obs 217 247 269 a 280 300 306 
95 Temperature of feedwater entering boiler, FO....-....-- 262.0 278.0 280.7 292.4 303.7 294.8 
96 Temperature of feedwater entering economizer, BID eae <bare 212.5 222.8 219.4 229.1 237.5 239.8 
97 Temperature of fuel, F 60 59 70 60 64 62 
98 Temperature of air surroun 115 115 115 115 115 115 
99 Temperature of airs 125 125 125 125 126 125 
100 Temperature of air surro 125 125 125 125 125 125 
PAu eae temperature at burners, 
mill): 
i 125 121 133 118 113 105 
_ Se en 126 120 131 118 113 105 
ay. 125 121 132 118 113 106 


Mill No. 1, C 


@ Not in operation. . 
b Average reading for east and west boilers. 
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TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND POWER COMPANY—Continued 
Item 


ast: IN Ons seccv.aeraldglanenes ayers saxceUatava.atatny a titanate deve raeeenst te it 2 3 4 5 6 
Temperatures: —Continued 
102 IME Nios AL i avavecare sare oto tration Sua etnish ie =WeV a tehaet psec e Nena een 139 131 130 124 106 107 
IVEBIN Nicos By Borer staacn ates ace teat auntiea iret eles ar yatta a eee 142 133 133 126 111 108 
IME Nr Bp C Nii ctdnlnran she uetopehn, enter eee erp ep Taree 137 132 130 123 110 109 
103 IEEE INO Bj: Ace stecelaa/ataie Ss oroneiete, ageteua eaviyte: etntetatar paket meceteleerey 00) sal.elh-2)m z 135 129 122 113 109 
IM GUE IN yee Uepodadun ot unjasema tito ngdoioos cues beg | ou wy 136 128 119 112 110 
INGO INGOH CK Oenrricosad Gndocncon ocomOODaagucbAneonod ane a 136 128 119 112 110 
104 Mall Noosi4 tAv po ererato cnever cstieunesreis tere foe eroanine mies t eteets Vopr 134 135 131 118 105 107 
Mill Nios Ay CBs ores c rere 0 Patent tel ap einiaiccs cis steh lett tel sim aaedmt ay a etre 136 135 133 117 106 108 
MEIN Nios BG ean csvset inte te oe ees nates eae ota 133 133 130 116 103 105 
Hourly Quantities: 
105 Duration of test, hr (repetition of item 3)............-. 10 8 8 8 6 2 
Fuel per ao (as fired), lb: 
106 IM GUVINIOS IMS A Goa coo oocccuumcon 12,748 13,860 16,263 19,183 22,733 29,097 
107 Mill No. 2 Balejadevaserstotoreioforens ethene ae 12,534 13,273 16,868 19,689 22,662 29,400 
108 IMUTTIN IO SSbie late tose care totelailete etateratomets elena Rieter et Shey eee G 12,254 16,820 18,605 21,998 97, 105 
109 pee ae YEE Pan MAE ee Goa: soa sooo Coe Nee 12,577 12,865 17,300 20,131 23,200 28,161 
110 "TG Gall a. cvareterwues tata tetera tated etal elite, = (ePeran er'er aca oa peie terse teens ae 37,859 52,252 67,251 77,608 90,593 113,763 
Fuel ee hour (dry), lb: 
111 I GH oe Ue es Come tocen mons ooo.0 dad Grebe g 12,251 13,285 15,588 18,310 21,778 27,671 
112 IY baw Fe Arig sinc Oo Samoans Onn ohoOmOStR-oco o 12,045 12,722 16,168 18,793 21,710 27,959 
113 IMGT INOS d sracate css neal etc Meroded ox bi cauaie tol sactakeege cot a eterane ye ietrcrat rn mimmEs).o) skate 11,745 16,122 17,758 21,074 25,777 
114 IMTTTOINIOn ierere, cetereiats, ciorarers ances Sib Vebeteha he alebertteaah everett ne 12,086 12,332 16,582 19,216 22,226 26,782 
115 TO taal are ceiereie: dlarace, suxhecd saa evens Gu sie stenala Reb atareretiepineter srt ene 36,382 50,084 64,460 74,077 86,788 108,189 
116 Combustion space per Ib coal per hr (dry), cu ft........ 1.123 0.815 0.634 0.550 0.47 0.377 
117 Reftise persWOury lb ereceiemtetetstertalepotelrien-tay ett na ener teeters a 3,113 3,656 4,565 5,971 6,203 15,713 
Actual water per hour, lb: 
118 ast Doileristacrere:sveleve tale srecrieke oparers cosreie tes acter seein relish el oho fahe 202,600 264,900 341,000 400,500 455,200 515,000 
119 West sb oiler sere nicrs stats testens is ereneisaeter ei steers reey mecneTeranscarerede 200,100 277,200 347,100 390,800 468,000 563,000 
120 TTPO t Bi aetna tetas aha he oocrelere tek dhine etal) arte Risener eras Ketee=ie (oteueBs 402,700 542,100 688,100 791,300 923,200 1,078,000 


Unit Quantities: 
Heat absorbed by water in economizer, Btu per lb: 


121 East boiler.. 49.6 57.0 62.4 64.2 67.4 55.8 
122 West boiler 50.6 54.8 62.6 65.0 67.9 56.0 
Heat absorbed by water and steam in boiler, Btu per lb: 
123 Hast boiler.......--.. see e eee e cece eee es 970.0 952.9 950.7 939.9 927.7 935.2 
124 West boiler 970.0 955.0 951.0 939.1 927.6 936.0 
Heat absorbed by steam in superheater, Btu per lb: 
125 IOP ylololorer Gob oudgoueodoqcdG cede paso duOCSGcanIC 150.9 180.6 188.2 194.6 201.9 176.3 
126 Wrestibotller'acrts cero sterciere i terse eueyc olen suevelsveqelstel enone ns eine 145.2 174.2 188.8 195.9 199.5 175.7 
127 Rate of heat absorption i in economizer, kB per hr....... 20,174 30,290 43,006 51,114 62,457 60,265 
128 Rate of heat absorption i in boiler, kB per hr.... payee 1S00:619) 517,149 654,281 743,430 856,406 1,008,236 
129 Rate of heat absorption in superheater, kB per hr. RAC ae 60,140 96,129 129,708 154,495 185,271 189,714 
130 Total rate of heat absorption by steam generating unit, kB 
DOL Lr Hetencietereteloleieisievelayalatorselevoianalereuelstetateiats its = laura errs 470,933 643,568 826,995 949,039 1,104,134 1,258,215 
Refuse: 
131 Refuse, per cent of fuel (Ary), pericenbaryericn steer ise 8.56 7.30 7.08 8.06 Te AS 14.53 
132 Combustible in refuse; per Cents... - jee ete cislece ole sis sheet 14.0 USS 25.6 20.0 24.0 61.1 
133 Carbon burned per Ib fuel (dry), Ib..........-20eeeee 0.8185 0.8320 0.8297 0.8249 0.8312 0.7566 
Evaporation: 
134 Rate of heat absorption per lb fuel (as fired), kB........ 12.44 tee) 12.30 12).23 12.19 11.06 
135 Rate of heat absorption per lb fuel (dry), kB........... 12.94 12.85 12.83 12.81 12.72 11.63 
136 Rate of heat absorption per sq ft of steam-generating unit 
Surface: per hry KB iepiels stack oterstenaretechotonere ete ie keneerarene erates 5.35 7.30 9.39 10.75 12.54 14.30 
Efficiency: 
137 Efficiency of steam generating unit, per cent........... 88.7 86.7 85.7 86.9 85.4 78.3 
138 Efficiency of boiler and superheater, Per CONt ai... ee 85.0 82.7 81.2 82.2 80.4 74.6 
Heat Balance: 
. Btw tre Sao tair ot tavern Gh 14,581 14,814 14,967 14,734 14,899 14,855 
189 Heating value of fuel (dry) | Por cent. vig etn 100 100 100 100 "100 "100 
. . GU eee aayeeeeas 555 605 667 690 57 
140 Heat absorbed by water in economizer ae Pee! ° 3.8 be 4, 1 a 4.5 ; 4.7 , 4.8 ; 3.7 
. . 10,736 326 ,150 10,036 yol' 
141 Heat absorbed by water and steam in oe eee éoat 73.6 6 6 67.7 68.0 £6,3 62.8 
. UMleorins clone Oo 1,653 1,91 2,012 2, ,135 ai 
142 Heat absorbed by steam in superheater {per pray 11.3 ‘ 13.0 13.5 14.2 43 thas 
< : . LW creer 12,944 2,850 12,829 12,812 12,723 630 
143 Heat absorbed by steam-generating unit A Renicon ee 88.7 86.7 85.7 86.9 4 78.3 
. : Lit Anu aemaieientituc 175 16 266 237 ,296 
144 Heat loss due to combustible in refuse { ertcont mene 1.2 cit 1.8 1.6 1.7 8.7 
145 Heat loss due to incomplete combustion of carbon, 
eee Pe ORAS ACO CA 0.0 0.0 0.0 0.0 0.0 0.0 
per cent ra ina nats 0.0 0.0 0.0 0 on fa 
: tu 376 456 516 56 6 
146 Heat loss due to theoretical dry gases { 2.6 3.1 3.4 3.8 “5 4.0 
147 Heat loss due to moisture in coal, moisture accompanying 
theoretical air, and water from ‘combustion of hydrogen, 
12AvE Ar RO eNO CaO ere toon COO occa f 495 515 548 538 537 548 
DELICON Ua <i> cisceveraras che otete: nie cco yen d ceria eae ee 3.4 3.5 3.7 3.7 3.6 Ef 


2 Not in operation. 
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TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND POWER COMPANY—Continued 


Item 
: PP ecb inser iota cae Wraverete a reieaa is wield fale oie ee ae aterareca’e sieves a 
Ista Heat loss due to excess air and accompanying moisture 
See te eC MES DUI stay al aval c)aici cll cl.c)ce'4relepejeleaie 's cfsis 64 
entering furnace DOLACOR Us enersiolere etoler ce cheer ctevelshcleteters 0.4 
149 Heat loss due to air and moisture leaking through boiler, 
. : . LLIN srotetbisee, stot ier 24 
economizer, and air-heater setting per cent-.cc.s+.- 0.2 
150 Heat loss due to unconsumed hydrogen and hydrocarbons, 
" radiption, and unaccounted for es nevis ‘ ee Sara ie EOE 
\ Economizer: 
151 Heat available to economizer, Btu per lb fuel (dry)..... 1030 
152 Efficiency of economizer, per cent........+60 see eee ee 53.9 
153 Coefficient of heat transfer, Btu per sq ft per deg F per hr 6.26 
Air Heater: 
154 Heat available to air heater, Btu per lb fuel (dry)....... 836 
155 Heat absorbed by air heater, Btu per lb fuel (dry)...... 408 
156 Efficiency of air heater, per cent....-..--+++eeeseeeeee 48.8 
157 Coefficient of heat transfer, Btu per sq ft per deg F per hr 1.92 
Fly-Ash Data: 
158 Combustible in fly ash, per cent.....-...--seeeere eee 17.50 
159 Gas per Ib coal, ID... 1... eee cere eee ec eter e ee eeee 13.61 
) 160 Specific volume of gas, standard cu Neetcers MUO OOH onc 12.56 
161 Gas per lb coal, standard cu ft.......++.++++eeeeee sees 170.94 
162 Cinders per 1000 standard cu ft of gas, Ib...........--. 0.1443 
163 Cinders per Ib coal, Ib........ 0c ee eeee eect e teeta 0.0246 
) 164 Cinders per Ib gas, Ib.........eeseeeene rece crete tenes 0.00181 
165 Heat loss due to fly ash, Btu per lb coal.........-..---- 60 
166 Fineness of flue dust: 
Through 60 mesh, per cent.....---+++sse eee recess 90.5 
Through 100 mesh, per cent.......++++e seer eee eees 85.5 
) Through 200 mesh, per cent.......- ++ +++ s seer renee 70.5 
| Through 325 mesh, per cent.......--++--++ee se eeeeee 56.0 
i} 
} Power Consumed by Pulverizers, Blowers, and Feeders (Blec- 
tric Drive): 
Power consumed by mills: 
167 ML Now Uy Wie ci wie oe cie oie wines ieee isis the nesie ticiee eis 51.6 
168 MINI O CPD Se Wi etereve tere ciesetenate eri -\s) slo a\siel=) ais) cleiaivinisieiei vis 59.8 
169 DVESTMBNFOupes ilcvy ctdaraemniih miclens el lalnte'ale dove! ehebersueltrsree sie 0.0 
170 IW IS fpr Sirs ak Oo bean Co ago eUadO ed oo DOE ero oDIan 57.6 
171 Totalifor mille, kcwesicsl- ace cess nee ene se seus we ele 169.0 
Power consumed by mill blowers: 
172 INMTNiG U, Ovine ganna OG OCH SOD SCs SD OruaO cao 47.2 
173 BVT ING. oy LOW caters cide 6 weiss oiaie wie ee niciwis cle ois n/a 50.8 
174 AVIAN INTO AES ile Wettele rere syeeeuele elevelelermielereinreveis mnie wreselsolevers 0.0 
175 VTL INS Syed boro ooo de oo one ao Boo momo oro 47.6 
176 Total for mill blowers, kw.......--+++---seeeereruens 145.6 
177 Power consumed by motor-generator set, mill feeder, belt 
conveyer, and bottom cooling blower, lewaeentts oes 28.5 
178 Total power consumed by electrically driven auxiliaries, kw 342.9 
179 Power consumed by electrically driven auxiliaries in terms 
Seieacoer ib or col (ett: See REN ee 163 
Pp per cent heating value......-- 122 


Nots: Typical water analysis: 
NaCl, 412 ppm. 


tory-faced blocks, the rough bare-metal blocks, and the smooth 
bare-metal blocks. ‘The refractory-faced blocks are used in the 
lower section of the furnace about 12 ft high, followed up first by 
rough bare-metal blocks for the height of 3 ft, and then by the 
smooth bare-metal blocks extending 15.5 ft to a point within 
2 ft of the top. The top section of the Bailey blocks is 2 ft 
wide and is made of refractory-faced blocks. Smooth bare-metal 
blocks are used in the vicinity of burners.) 
Heating surfaces: Two downtake walls, 1880 sq ft; two side- 
walls, 2380 sq ft; total for water walls, 4260 sq ft 
Total heating surface for the boiler and water walls, 58,186 sq ft 
Furnace: Width, 34 ft; depth (between burner sides), 41 ft; height, 
30 ft; furnace volume, 40,770 cu ft 
Superheater: Babcock & Wilcox return-bend type; two super- 
heaters per twin boiler unit. (Each superheater consists of five 
loops of 2-in. o.d. No. 9 Bwg tubes, 107 elements.) 
Heating surface: 5800 sq ft each superheater; total, 11,600 sq ft 
Economizer: Babcock & Wilcox return-bend type; two economizers 
per twin boiler unit (one for each half). (Each economizer 
consists of 2-in. o.d. No. 6 Bwg tubes, 24 tubes high, 24 tubes 
wide, 30 ft long.) 
Heating surface: 9200 sq ft each economizer; total, 18,400 sq ft 
Air heater: Babcock & Wilcox straight tubular type; two air heat- 
ers per twin boiler unit (one for each half). (Hach air heater 
consists of 28 staggered rows of vertical tubes, 21/2 in. o.d. No. 
11 Bwg, 22 ft long, 75 tubes in each row.) 


Heating surface: On air side, 30,238 sq ft each air heater; total, 


60,476 sq ft. On gas side, 27,350 sq ft each air heater; total, 
54,700 sq ft d 
Burners: Fuller Lehigh, cross-tube type; 12 burners per twin 


boiler, six in each downtake wall, three burners per mill; 12 
Babcock & Wilcox mechanical oil burners for lighting torches 

Mills: Fuller Lehigh type-B pressure-type mills; four mills per 
twin boiler: capacity of each mill, 10 short tons 


FSP-56-2 83 
2 3 4 5 6 

74 79 87 105 9° 
0.5 0.5 0.6 0.7 0.1 
46 48 56 64 58 
0.3 0.3 0.4 0.4 0.4 
705 681 444 549 723 
4.8 4.6 3.0 3.7 4.8 
1203 1368 1420 1554 1284 
50.3 48.8 48.6 46.3 43.4 
8.13 9.76 11.0 12.58 11.87 
952 1051 1120 1294 1076 
457 501 516 602 487 
48.0 47.6 46.1 46.5 45.3 
2.54 3.22 3.45 4.10 4.26 
22.50 29.96 27.95 33.13 66.68 
14.17 14.06 13.62 14.16 11.68 
12.57 12.69 12.69 12.79 12.71 
178.12 178.42 172.84 181.11 148.45 
0.1934 0.2846 0.241 0.252 0.888 
0.0344 0.0508 0.0415 0.0455 0.1318 
0.00243 0.00361 0.00305 0.00321 0.01128 
110 220 17 220 1280 
86.5 82.0 84.0 83.0 77.0 
80.5 75.5 78.5 77.5 69.5 
67.5 62.5 67.0 67.0 63.0 
55.5 52.5 57.0 55.5 33.5 
58.7 61.6 69.5 81.3 98.0 
59.0 63.7 66.5 82.0 98.0 
41.0 56.5 60.5 79.3 86.0 
56.3 66.2 74.0 92/7 102.0 
215.0 248.0 270.5 335.3 384.0 
44.8 44.0 46.0 45.3 48.0 
49.2 49.5 49.0 49.3 50.0 
46.5 47.0 45.5 45.3 42.0 
46.0 48.8 43.0 49.3 46.0 
186.5 189.3 183.5 189.2 186.0 
28.4 29.4 31.0 35.9 38.8 
429.9 467.0 485.0 560.4 608.8 
148 125 113 111 7 
1.0 0.9 0.8 0.8 0.7 


Mill blowers: B. F. Sturtevant single-inlet, paddle-wheel type, 18 
in. static pressure; one blower per mill 

Fans: Forced-draft fans, two fans per twin boiler; each fan 150,000 
efm capacity at 11.5 in. static pressure. Induced-draft fans, 
four fans per twin boiler; each fan 125,000 cfm capacity at 17 
in. static pressure. (Forced- and induced-draft fans for each 
boiler unit are driven by two cross-compound steam turbines. 
Each high-pressure element drives two induced-draft fans 
through a reduction gear and is rated 974 hp at 7500 rpm. 
Each low-pressure element drives one forced-draft fan through 
a reduction gear and is rated 393 hp at 6000 rpm.) 

Water-storage capacity: Volumetric contents of the boiler: Two 
drums (up to the normal water level), 1039 cu ft; boiler tubes, 
headers and nipples, 3756 cu ft; water walls (including downtake 
and uptake headers and recirculating tubes), 1713 cu ft; total 
6508 cu ft 

Weight of water and pressure parts: Weight of water contained in 
the boiler, water walls, and drums up to the normal water level 
at 421.7 F (300 lb per sq in. gage), 343,000 lb. Weight of water 
contained in the drums at 421.7 F within the water column 
connections, 58,000 lb; within the visible range of gage glass, 
45,000 lb. Weight of pressure parts (in contact with water and 
steam), 953,000 lb. Weight of Bailey blocks in the furnace, 
220,000 lb. Weight of pressure parts in terms of the equivalent 
weight of water on the basis of the ratio of the specific heats 
of steel and water, 112,000 lb. (Note: Weights of water and 
pressure parts are approximate.) 

Ratios: Furnace volume per sq ft of water-heating surface, 0.7 
cu ft. Superheater surface per sq ft of water-heating surface, 
0.2. sqft. Economizer surface per sa ft of water-heating surface, 
0.317 sqft. Total water-heating surface (boiler and water walls) 
per sq ft of boiler-room floor area (for both boilers, including 
aisles), 14.8 sq ft. Building volume per 1000 lb evaporation at 
maximum capacity, 636 cu ft. 
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Discussion 


H.J.Kerr.2 A full discussion of the paper would require more 
space than the paper itself, in which, like the installation de- 
scribed, little space has been wasted and much material to work 
with has been presented in a small volume. Although these 
units are the first twin B. & W. sectional-header boilers installed, 
we have in operation many single boilers of the same size and 
capacity as one of the halves of these twin units. The idea of the 
twin unit was not new, as units similar in principle but using 
Stirling boilers had been installed in several plants. In shape, 
these units are rectangular, with the mills and primary-air fans 
below the furnace and the economizers and air heaters above the 
boiler. They therefore permit maximum utilization of the build- 
ing space. The design of these units is based on conservative 
values for heat release, gas velocities, and steam capacity. 

Only a few of the main features of these units can be mentioned, 
such as the special slag-screen tubes, the large-diameter drums 
with shutter-type baffles, steam circulators, slag-tap furnaces with 
block-covered wall tubes, and pressure-type mills used for direct 
firing. 

The general principle of the boiler slag-screen tubes used with 
these units was developed some years ago and has been used 
extensively since then. In this design of boiler unit they permit 
the placing of two boilers together over a single furnace, with 
an access space between the boilers that is definitely sealed from 
the furnace. At a million pounds of steam per hour, the heat- 
liberation rate per square foot of equivalent cold surface exposed 
to radiation from the furnace is approximately 300,000 Btu. 
With preheated air at approximately 250 F, the temperature of 
gases entering the first pass should be in the neighborhood of 2500 
F, which is checked by the test data. The value of the boiler 
slag-screen tubes as a preventive of slag difficulties is therefore 
obvious, even when burning fuel having as high an ash-fusion 
temperature as that of the coal used at this station, approximately 
2450 F. Without the boiler slag-screen tubes, a certain amount 
of slag trouble would be experienced. In other words, the boiler 
slag-screen permits of the maximum combustion rate in a single- 
stage furnace set by the limitation of slag on the boiler tubes. 
For capacities beyond those thus obtainable, it is necessary to use 
the two-stage furnace, with its furnace slag screen, such as those 
that have been installed by the State Line Generating Company 
and those that are now being installed by the Potomac Electric 
Power Company in Washington, D. C. 

The large-diameter drums on this installation are of interest. 
By concentrating on the problem of moisture and carryover it has 
been possible to bring these down to such quantities as to be 
negligible. With the boilers described, operating at their com- 
paratively low steam pressure, the moisture content is shown to 
be below 4/, of 1 per cent at the maximum rating. Further de- 
velopments have permitted the reduction of this percentage, in 
later installations, to such a point that we now deal with two or 
three parts per million, and we are pressing the chemist as to his 
accuracy on one part per million. We have succeeded in obtain- 
ing steam containing less than 0.1 of 1 per cent of moisture at a 
rate of more than 16,000 lb of steam per foot length of 48-in.- 
diameter drum. Drum diameter will, in the future, no longer 
be set by-the amount of moisture in the steam, but rather it will 
be decided by the amount of water storage required to handle the 
variation in load necessary for any particular installation. This 
requirement is well discussed in the paper, and the value of a 
large-diameter drum from the standpoint of water-level fluctua- 
tion is well covered. In the past there have been certain limita- 
tions in obtaining large*diameter drums. The development of 


2 Chief Engineer, Service Department, Babcock & Wilcox Com- 
pany, New York, N. Y. Mem. A.S.M.E. 


welding processes and of material of higher tensile strength is 
expected to extend this limitation in the future. 

The paper calls attention to the three rows of horizontal circu- 
lating tubes on these boilers. In this connection it might be well 
to point out that the number of circulators depends upon certain 
factors, one of which is the steam pressure. With some other 
designs, it would not be necessary to have this number of circu- 
lators, and, as a matter of fact, boilers are being constructed, of 
higher capacity per section than the units described, that are 
fitted with only one circulator per section. 

The slag-tap furnace and block-covered tubes have been thor- 
oughly discussed. Furnaces of this construction are in successful 
operation in so many plants that little need be said about them. 
Attention, however, is called to the fact that they are in successful 
operation in this plant with coal] containing ash of high fusion 
temperature and in boilers that are off the line each night. In 
fact, it might be mentioned in this connection that, as compared 
with normal central stations, the starting up and shutting down 
each day of these large units constitutes very severe service. 
The value of this type of furnace is also to be observed in theex- 
treme range in capacity, nearly five to one, as mentioned in the 
paper. Its value as it affects the cubical contents of the station 
is of course obvious. 

The direct-firing pulverizers used at this plant are of the pres- 
sure type and were among the first of this type to be installed. 
The pressure type of mill was adopted for this installation to 
simplify various factors, and since then has been generally ac- 
cepted as a standard because of simplification of coal distribution 
and piping, use of fans handling air only, instead of exhausters 
handling abrasive coal dust, reduction in fan power due to higher 
fan efficiency, and ease of control. 

The test data show a high carbon loss with the boiler operating 
at a capacity of 1,078,000 lb of steam per hour. This was due 
to the fact that, at this capacity, the steam unit was operating 
34 per cent above that contemplated in the mill design, with the 
result that the fineness was decreased. Subsequent changes in 
some of the mills have shown that even this capacity is obtain- 
able, with high fineness from the mills and low carbon loss. 

The ball-bearing principle of pulverizing as used in these mills 
is ideally suited to the art of pulverizing coal. The correctness 
of this principle of grinding has been demonstrated in many and 
varied applications. 

Relative to the variation in superheat temperature from 700 
tc 760 deg, with the rating changed from 500,000 to 1,000,000 
Ib of steam per hour, as shown by Fig. 25, this variation in super- 
heat can be materially reduced by a variation from standard in 
the operation of the burners. This method of taking care of the 
natural drop in superheat that takes place with reduction in 
rating is being used extensively where superheaters are not fitted 
with desuperheaters. The author is requested to cover this point 
in his closure. 

The success of these boiler units in developing their high ca- 
pacity may suggest to some the question, “What is the limit 
in capacity?” Although present practise tends toward the use of 
high steam output per foot width of furnace in single boiler 
units, and we could today furnish a single unit having the same 
capacity as the twin units at Hell Gate, the capacity of single 
units can, presumably, always be doubled, as was done in this 
case. The possibilities in high-capacity boilers are therefore 
considerably in excess of any present or probable future require- 
ments in the use of single boiler units to serve individual turbines. 
The capacity of the boiler units will be limited by the maximum 
burner capacity it is possible to install per foot of furnace width, 
by the volume and capacity of the furnace it is possible to con- 
struct under the boiler, the amount of steam it is possible to raise 
per section, the length, thickness, and diameter of the boiler 
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drum, the length of tubes, available draft, quality of feedwater, 
and solids in steam to the turbine. 


M. K. Drewry.? Never have the design and the performance 
of large boiler units been reported so comprehensively as in this 
paper. It is a valuable contribution and deserves much study. 
Appropriate discussion is difficult because of the magnitude of the 
jnformation afforded. A few of the most interesting points ob- 
tained from it were found as follows: 

1 The 72-in. boiler drums emphasize the desirability of ap- 
preciable boiler-water storage. 

2 Steam-turbine drives for fans were chosen for other reasons 
than their reliability, for the coal pulverizers are motor driven. 

3 Direct firing does not afford direct response to coal-feed 

“demands, for differences in coal storage in the mills cause 2 to 4 
min lag in heat output. 

) 4 Removing ash in the molten form under all conditions of 
plant operation is not readily accomplished. 

) 5 Unusually low radiation loss of the boiler-unit equivalent to 
only 0.2 per cent of maximum output emphasizes one economy of 
large sizes. 

6 The time of 5!/2hris prudently used to start the units from 
eold and get them to normal rating. Each of the four mills is 
‘started and stopped 10 times during the starting procedure, and 
8000 lb of oil is used for reliable ignition. 

7 A drop of 100 deg fahr in superheat temperature occurs 
as output lowers from 1100 kB to 400 kB. 

8 The reported boiler-unit efficiencies appear conservatively 
low because of the 3.5 per cent to 4.8 per cent “radiation and un- 
accounted”’ figure. 

The author is thanked for his painstaking and intelligent re- 
porting of a vital subject. 


J.J.Gros.! This paper goes farther than the usual report of a 
boiler-performance test. The author gives an exceptionally 
broad and lucid explanation of the many-sided problems facing 
the designing engineer responsible for developing a huge block of 
steam-generating capacity from a limited available space. The 
various engineering factors discussed so clearly and the mass of 
test data covering the performance of the various elements of the 
boiler installation should be of immeasurable value to other engi- 
neers responsible for boiler-station design. A discussion of the 
various outstanding points of interest in this paper would require 
considerable space, and therefore it will be confined to a few of 
the many points of interest. 

) In the rapid development of higher pressures and capacities in 
power stations, a number of problems, heretofore little heard of, 
have been forced upon the operating engineers, and one of the 
most persistent of these is “carryover moisture” in the steam. 
Trouble from this carryover moisture manifests itself in a number 
of ways, among them being the plugging up of superheater ele- 
ments with sediment carried over with the moisture and left in 
the superheater, fouling up of steam valves with the residue salts 
and phosphates, line gasket leaks, fouling up of turbine spindles 
and casings, and frequently sharp steam-temperature dips and 
moisture slugs passing through the turbines, resulting finally in 
reduced turbine capacities due to fouling, if not in serious blade 
troubles. y : 

Some phases of this problem are controlled by the installation 
of purifiers or baffles in the steam drum, but the author raises an 
important point in his introduction of the factor of boiler-surge 
capacity. 


3 Assistant Chief Engineer, Power Plants, Milwaukee Electric 
Railway & Light Co., Milwaukee, Wis. Mem. A.S.M.E. 

4 Engineer of Tests, United Electric Light & Power Co., New York, 
N.Y. Mem. A.S.M.E. 
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In the old section of the boiler house at Hell Gate Station, 
nine of the stoker boilers have been revamped to carry a maxi- 
mum rating of 250,000 lb per hr steam apiece. The 54-in. 
drums originally provided were standard practise at the time of 
installation and were not altered when the boilers were revamped. 
Tests to determine the speed of pick-up in these revamped 
boilers have indicated that the rate of pick-up is limited by the 
rapidity of water-level change. In these tests attempts were 
made to assist water-level control by hand control of the feed- 
water cut-off valves and with automatic regulators in opera- 
tion. On boiler 62 a drop of rating from 230,000 lb per hr to 
120,000 Ib per hr rating was accomplished in 7 min. The gear- 
controlled feed valve was restricted at the start to three turns 
open. 

In the first 4 min the water level dropped from the 5-in. level 
to the 1-in. level, and then rose rapidly, until at the end of 7 min 
it had risen to the 14-in. level, at which time the gear valve was 
further restricted. After stabilization of rating at 80,000 lb per 
hr, the water level was established at the 3-in. level and the gear 
valve was kept restricted to one turn open. The rating was then 
raised from 80,000 Ib per hr to 153,000 lb per hr in a space of 71/2 
min. In the first 4 min the rating rose to 115,000 lb per hr and 
the water level rose to 15 in., a gain of 12 in. The level then 
dropped off, until at the end of the 71/>-min period it had reached 
the 7-in. level. 

In another such test on boiler No. 33, when the start was made 
without restriction of the gear-controlled feed valve, a reduction 
of rating from 254,000 lb per hr to 83,000 Ib per hr was accom- 
plished ina space of 7 min. In the first 41/, min the water level 
dropped from the 5-in. level to the 2-in. level. It then rose to the 
10-in. level on the rebound while the boiler was banked. Starting 
with a banked rating of 54,000 lb per hr and the gear-controlled 
feed valve one turn open, the rating was raised, as shown in the 
curves of Figs. 34 and 35, to 250,000 lb per hr. In the first 
11/2 min the rating had reached the 94,000 Ib per hr rate and the 
feed valve was closed tight. It was then opened slightly and 
closed at intervals during the rise in rating, until full capacity 
had been reached. The water-level surges, although dampened 
by this control, show a swing from the 7!/2-in. level up to the 13- 
in., and then down to the 6'/2-in., finally settling near the 6-in. 
level. 

A study of these curves and log entries will yield interesting 
information and makes clear the reason for the prevailing water- 
level problems in many plants. 

Many other such tests on the stoker boilers indicate that while 
the speed of pick-up can be increased sharply by overtraveling 
on air pressure, the violence of water-level change requires man- 
ual control of the feedwater to avoid troublesome carryover. 

Carrying the thought a step farther, perhaps it should be asked 
whether limited drum capacities and rapid rating response are 
worth the price of carryover-moisture troubles. It is clear that 
the surge characteristics and limitations of a specific boiler design 
should be determined to assist in the control of “moisture carry- 
over.” 

In this connection and because of the growing importance of 
water-carryover problems, further comments are desired as to 
whether future design trends should take into account this 
troublesome factor. This apparently was done in the case of 
the million-pound-capacity boiler under discussion by allowing 
ample surge capacity of the boiler drums. 

The completeness of the performance data helps to visualize 
the growing importance of heat-balance checks at intervals. 
With complete heat-balance information showing changes in 
boiler losses, it should be possible to correct pulverization and 
combustion impairment, and thus realize the maximum perform- 
ance possibilities of the equipment. 
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Fie. 34 Sprcrau Test or Borter 33, Hert Gate Station 


(Log on boiler rating, boiler 33, tested Jan. 14, 1932: 11:54 a.m., start 

to drop; 11:57, no visible change in rating, boiler banked; 11:591/2, reached 

90,000 lb per hr; 12:50 p.m., one turn on gear valve; 12:511/2, 54,000 lb 

per hr, end of banked period; 11:53, closed gear valve; 11:53!/2, opened gear 

valve to one turn; 11:56, closed gear valve; 11:561/2, opened gear valve 
to one turn; 1:00 p.m., gear valve opened to 10 turns.) 


Grorcr D. Hurrricx.’ While the paper characterizes the 
two-unit boiler, fired with a common furnace and the single-unit 
capacity of 1,000,000 Ib per hr, as the outstanding feature of the 
Hell Gate installation, it would seem that the engineering feat of 
producing 2,000,000 lb of steam per hour within a ground area 
of approximately 8400 sq ft, with a net ratio of building volume to 
boiler capacity of 636 cu ft per 1000 Ib per hr capacity, is the out- 
standing accomplishment, when it is considered that with designs 
prevailing only three or four years ago this same capacity would 
occupy about 40,000 sq ft and require a building volume ratio of 
over 1700 cu ft. In the campaign for lower first costs, at least 
in the matter of space requirements, the Hell Gate installation is 
an excellent example of what can be accomplished. 

An interesting feature is that these large boilers are shut down 
daily during night periods, demonstrating the operating flexibility 
of the units. 

With two separate boilers served with one furnace, it would 
seem that difficulty would be encountered in maintaining a uni- 
form temperature throughout the furnace and that physical condi- 
tions would tend toward a difference in superheat, feedwater, 
and air temperatures between the two units. The data presented 
make no reference to these conditions, so that it may be assumed 
that no appreciable difference in the performance of the dual in- 
stallation is noticeable. However, with remote control it would 
be of interest to know how the action of each of the 12 burners is 
observed and adjusted to maintain uniform conditions. If one 
of the burners is not receiving its proper quota of fuel—a condi- 
tion which occurs at times—how is the control operator notified of 
this condition? 

It is not quite clear Why relatively large drum capacity should 


5 General Superintendent, Montaup Electric Company, Somerset, 
Mass. Mem. A.S.M.E. 


in any way permit less vigilance on the part of the operators in 
the matter of attention to feedwater control. Certainly with a 
large drum, water-level fluctuation would be less noticeable, but 
the work to be done by the feed regulator is in no way lightened 
and water level is dependent on regulator performance. 

Providing three circulator tubes per section is certainly a de- 
sirable arrangement, and should, as claimed, lessen the likelihood 
of stagnant circulation—a condition which has occurred in some 
high-pressure installations. 

The information presented in the radiation test, Fig. 15, indi- 
cates the great value of the modern insulated furnace which makes 
possible quick starting of boilers after many hours of shutdown. 
The fact that these large boilers are in steaming service 30 min 
after lighting burners each morning after having been shut down 
during the night is a highly interesting operating condition, espe- 
cially when we consider that the furnaces are of the slag-tap type. 
The slag probably remains in a molten state during the shut- 
down period and serves as a heat reservoir, which results in a 
much faster steaming schedule than would be the case with a 
water-cooling installation equipped with dry-ash hopper. It is of 
importance to observe that it takes less than five hours to put 
these boilers on the line from a cold condition. 

The chilling of slag by air drawn through the slag-tap openings 
is information of value to the design engineer. The fact that it 
was necessary to install induced-draft equipment to reverse the 
air currents in the furnace adds not only to first cost but to 
operating costs also. This somewhat objectionable feature is of 
small consequence compared to the advantages of the slag-tap 
furnace, which include avoidance of slagging of ash on tubes, re- 
duction to a large extent of the discharge of ash and dust from the 
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Fie. 35 Spuciat Test or Borer 62, Hett Gatr Srarion 


(Log on boiler rating, boiler 62, tested Jan. 15, 19382: 11:30 a.m., rating 
at 225,000 lb per hr, east and west check valve open, three turns on gear 


valve, 31/2 in. H2O on forced-draft duct, induced-draft-fan vane opening 98 _ 


per cent, induced-draft fan overloaded, overfire draft —0.1; 11:551/2, start 
to bring rating down; 12:03 p.m., gear valve closed to one turn open, fire 
in banked condition; 12:48, closed gear valve; 12:571/2, opened gear valve 
to one turn open; 1:15, opened gear valve to three turns; 1:17, rating at 
168,000 lb per hr, induced-draft- fan put in high speed; 1:21 p.m., Smoot 
forced-draft damper stuck closed, and then *papedel 
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furnace, and an increase in furnace volume on property of limited 
area. 


? H. M. Cusuina.* In connection with the load pick-up tests 
shown in Figs. 12, 13, and 14, data on a pick-up test in Buffalo 
might be of interest. As is normal during light-load periods, two 
boilers rated at 560,000 Ib per hr were feeding 65,000 lb per hr, each 

|| to an 80,000-kw turbine carrying a 10-megawatt load. The boiler 

_ operator was notified that a pick-up would be made, but the time 

was not given. The electrical operator, when ready to increase, 

- set the bulletin boards to 60 mw, and proceeded to build up the 

load at a uniform rate to that point in 2 min, and held at that 

point. The boiler pressure dropped from 460 lb to 390 Ib at the 
4-min mark, and then came back to normal. A 12-in. rise in 

' poiler-drum level resulted from this pick-up. 

Babcock & Wilcox cross-drum boilers, 60 sections wide, 22 tubes 

') high, 24-ft tubes, with a 60-in. drum, were used. 


, A.G. Curistm.’ The paper is of timely interest, not only on 
~ account of the fact that the tests were made upon one of the 
largest-capacity boilers in the world, but particularly by reason 
_of the great mass of valuable performance data contained in the 
‘tests. The twin setting of B. & W. boilers represents a new 
practise. Similar twin settings for 30,600 sq ft Stirling boilers 
were designed by McClellan and Junkersfeld, with whom the 
writer was then associated, for the Lake Shore Station of the 
Cleveland Electric Illuminating Company, and tests of these 
boilers were reported by John Wolff in a paper entitled, “Tests of 
Pulverized-Fuel-Fired Boilers at the Lake Shore Station, Cleve- 
land.” (A.S.M.E. Trans., Vol. 47, p. 1255, 1925.) The ex- 
cellent performance of these boilers led to the use of similar 
twin boilers and furnaces at Avon Beach and Ashtabula Stations. 
Mr. Caldwell’s boiler operates at a higher capacity than any of 
- these Stirling boilers and appears to have a larger furnace. 

The use of smaller boiler drums was advocated a few years ago, 
but experiences with the water-cooled furnaces at the Gould 
Street Station indicated the desirability of large water capacity 
in the boiler drums. When the India Basin Station at San 
Francisco was designed, the largest drums available (72 in. in 
diameter) were purchased. The use of this size of drum has 
since extended, and this size is employed in the Hell Gate boilers. 

As Mr. Caldwell points out, these drums simplify control prob- 
lems and decrease fluctuations of water level. He also refers to 
its accumulator effect, which may be of considerable value under 
‘certain conditions. 

Many recent plants employing slag-bottom furnaces have pro- 
vided water cooling for these bottoms. Mr. Caldwell uses air 
cooling, undoubtedly on account of the high fusing temperature 
of the ash, which, as shown in the data, exceeds 2400 F. This 
high fusing temperature undoubtedly adds to the difficulties 
_ experienced in tapping slag. Mr. Caldwell states that fluxes were 
tried to increase the fluidity of the slag. It would be interesting 
if he could add some further information on the chemical nature 
of the ash and the character of the fluxes that were tried. Many 
suggestions have been made regarding the use of fluxes, but 
specific data on the action of these are few. 

Steam-turbine drives for both forced- and induced-draft fans 
represent a departure from the current practise of all-electric 
drive. Have the performances of small turbines been improved 
and first costs lowered to the point that these again are serious 
competitors of motors to drive power-plant auxiliaries? 

The data upon the response of the boiler to increase in coal feed 


——— 
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6 Chief Engineer, Buffalo General Electric Company, Buffalo, 
N. Y. Mem. A.S.M.E. ? . 

7 Professor of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md. Mem. A.S.M.E. 
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indicate a rather slow action. This was undoubtedly measured 
with constant pressure at the superheater outlet throughout the 
test. One would at first infer that this boiler would not respond | 
quickly to large fluctuations in load on the given turbine. If, 
however, the steam pressure is allowed to drop when the sudden 
increase in load occurs, the accumulator effect of the large 
drum will come into play, and this will permit a sudden increase in 
the flow of steam to carry the increased load. The contrary effect 
occurs if pressure is allowed to rise on sudden decrease of load. 
One can therefore expect such large boilers to meet load swings 
satisfactorily in actual service. 

The test results are unusually complete. One is impressed by 
the large pressure drop through the superheater at high capacities, 
and also with the sizeable draft required of the induced-draft 
fans. However, an overall efficiency of 85 per cent and above 
was maintained for outputs up to over 900,000 Ib per hour, which 
in itself is a remarkable performance. Fig. 24 indicates that 
the total equivalent heat required by the boiler auxiliaries re- 
mains substantially constant at all loads. The total power con- 
sumed by the powdered-coal equipment shows much lower figures 
than indicated by earlier tests. 

The experience gained on these large boilers and their auxiliary 
equipment must have led to certain ideas on the part of the author 
in regard to future installations. In the light of this perform- 
ance, what modifications would Mr. Caldwell recommend in a 
new plant to meet similar load conditions? 


AvutTHor’s CLOSURE 


In regard to the variation in superheat referred to by Mr. Kerr, 
it should be noted that the tests were conducted with approxi- 
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mately constant excess air. In normal operation the amount of 
excess air is reduced as the rating increases due to practical con- 
siderations, and the resulting superheat curve is consequently 
flatter than that reported in the test. 
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Mr. Drewry calls attention to some of the characteristics of 
the installation, and among other things mentions the lag in heat 
output associated with direct firing. Direct firing undoubtedly 
contributes somewhat to the time lag, but there are other factors 
which also have an influence. As an indication of the heat inertia 
of the installation, Fig. 36 is introduced from observations taken 
during a normal shutdown. 

It may be observed that there is considerable lag in reduction 
of steam output even after the fuel supply to the furnace is inter- 
rupted. This indicates the extent of the lag which is independent 
of the combustion system. Where rapid response to changes in 
rating is desirable, the design should provide for less water- 
storage capacity and less heat-storage capacity in the furnace 
and boiler. On the other hand, a large water-storage capacity 
and large heat-storage capacity in many instances is a desirable 
characteristic, since the accumulator effect imparts a certain 
degree of stability to the steam pressure and steam flow with 
fluctuating loads. Opinion is divided on the degree of responsive- 
ness which should be designed into steam-generating equipment, 
and as this consideration is dependent upon the nature of the 
system load and operating practise, there are many conditions 
where extremely rapid response is not so important. 

Concerning Mr. Hettrick’s reference to the distribution of work 
between the two boilers in the twin setting, it has been found that 
there is no noticeable difference in output with equalizing dampers 
wide open. In regard to the distribution of coal to the burners, 
this is controlled by a dividing arrangement for each mill which 
supplies its three burners. The coal from each mill divides 
fairly uniformly, and compensating adjustments are made at the 
secondary air dampers, based on observation of furnace condi- 
tions through openings provided for this purpose. 

Regarding the question of large drum capacity, water-level 
Auctuations are less violent with fluctuating loads and afford the 
attendant more time to attend to his duties than would otherwise 
be the case. 

Replying to Professor Christie’s inquiry concerning the slag, 
the analysis herewith is typical of two of the coals which are 
used. 

The fluxes used were fluorspar and soda ash, the latter appear- 
ing to be somewhat more effective. The choice of steam-driven 
fans was due largely to local conditions and space limitations 
which somewhat favored the use of steam turbines. Under 
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ordinary conditions motor drives would be expected to show a 
substantial advantage, unless handicapped by a high-capacity 
demand charge. 

Professor Christie’s last question is rather broad, and the 
author will only attempt to generalize on the subject. In the 
absence of space or height limitations, it would seem that the 
heating surface should be somewhat more efficiently utilized than 
in the conventional type of boiler described in the paper; that is, 
the unit should be more nearly countercurrent than customary. 
Where conditions permit the use of a steaming economizer, this 
may be accomplished with much less boiler surface and with good 
operating and investment efficiency. 

The use of the slag-bottom furnace in many cases appears 
warranted as a heat accumulator, aside from its benefits to com- 
bustion stability. Where very rapid changes in output are de- 
manded, however, the unit should be designed with a minimum 
of water storage and heat storage to eliminate this source of lag. 
In the use of direct firing, minor modifications in the arrange- 
ment of mills and burners supply may be provided to approxi- 
mate the characteristics of a bin and feeder system in order to 
eliminate the lag incidental to the use of direct firing. The 
superheater and its supporting arrangement is one of the major 
problems in boiler design, especially with the relatively high- 
steam temperatures which are now prevalent. Wherever pos- 
sible, water-cooled supports should be provided, even though 
this introduces some circulating problems in the water circuit. 
With higher pressures and the average water supply, some form 
of steam washing or purification would probably be justified. 
Some provision for steam-temperature control is essential in 
order to maintain at all ratings the highest possible steam tem- 
peratures permitted by the turbine design. 

The type of boiler equipment which might be selected for any 
condition could only be determined by a careful evaluation, and 
the foregoing comments merely indicate an opinion of what might 
be arrived at by such an evaluation under present conditions. 
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Utility of Variable-Displacement Oil-Pressure 
Pumps for Hot-Pressing in Plywood 


= 


Operations 


By ELEK K. BENEDEK,! MOUNT GILEAD, OHIO 


Variable-displacement pumps or generators form the 
primary part of a complete hydraulic energy transformer, 
‘the secondary part of which is a hydraulic motor. Hy- 
‘draulic transformers of fluid drives are becoming more 
and more useful for all kinds of modern production ma- 
chinery, such as presses, machine tools, automotive en- 
.gines, cranes, etc., because of certain advantages offered 
along the line of the modern power-transmission prob- 
lems. The flow of chemical energy occurs in the form of 
_a fuel and air compound, into an internal-combustion en- 
gine, where it will be transformed to thermal and partly 
mechanical energy. The mechanical energy flows further 
in periodic impulses to the crankshaft of the engine in the 
form of a mechanical direct-current energy, where through 
the flywheel of the shaft it will be somewhat smoothed out, 
so that in a mechanical-electrical energy transformer it 
will be transformed to direct-current or alternating- 
current energy. These currents finally reach the elec- 
-tromotor of the shop, which operates the drive shafts 
of mechanical or hydraulic energy transmission appara- 
tus, transmission-belt shafts, gear transmissions of ma- 

chine tools, electromotors of press pumps, etc. 
primary form of nature’s energy, €.g., 


I the heat energy of coal, through a series 
of energy forms or to transform it by a series 
of electrical and mechanical devices which 
are capable of utilizing it for ultimate re- 
quirements. The heat energy of the coal 
can be transformed to the elastic pressure 
energy of the steam, and this to electric 
energy. The electric energy thus gen- 
erated may have to be transmitted to a 
remote place. It is then necessary to step 
up its tension by transformers and distribute it over large terri- 
tories, and again to transform the tension down toa voltage that 
may be utilized at the place of remote consumption. But this 


oe 


T IS often necessary to conduct the 


1 Consulting Engincer, Hydraulic Press Mfg. Co. During the 
World War, E. K. Benedek was an officer in the Austro-Hungarian 
army. In 1916, he was captured by the Russians and was kept in 
Siberian prison camps until 1920. Returning to Budapest, he ob- 
tained the degree of Mechanical and Electrical Engineer from the 
Royal Joseph Institute of Technology in 1922. He then came to the 
United States and went with the General Electric Company in West 
_Lynn, doing research and development work. Since 1926 he has been 
engaged in the development of variable-delivery high-pressure pumps. 
In 1929, at the Royal Joseph Institute, he obtained the Doctor’s de- 
gree of Technical Science. A great part of his experimental work 
| was carried out with the Oilgear Company, in Milwaukee, Wis., as 
development engineer, for the purpose of diagnosing the performance 
of the oil-gear pumps. The Hydraulic Press Manufacturing Com- 
pany, of Mount Gilead, Ohio, invited him to develop and build a line 
of his patented pumps. 
Contributed by the Wood Industries Division and presented at the 
Semi-Annual Meeting, Chicago, IIl., June 26 to July 1, 1933, of THE 
American Society or MrmcHANICAL ENGINEERS. 
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is not the end of the cycle of the change of form of the energy- 
To make it useful, in a hydraulic press for example, it is further 
necessary to transform it back to pressure energy—this time to 
oil-pressure energy. 

For manufacturing purposes and processes, a series of steps 
and a series of mechanical, electrical, or hydraulic devices are 
needed. With increasing production requirements and with 
increasing demand for economy, flexibility, and low maintenance 
cost, the trend of modern machine operations is toward hydraulic 
drives and devices. This is because of the infinite flexibility of 
speed and of load control and because of the smoothness of action, 
the simplicity, and the efficiency through fluid-pressure power- 
driven transmissions and oil-pressure systems. Where a train 
of transmission gears wears out, becomes noisy, vibrates ex- 
cessively, and yields only a few steps of speed, the dream of 
inventors and engineers still goes back to a variable-speed fluid 
transmission drive. Where the toggles of a mechanical machine 
wear out and incapacitate the entire machine under the high- 
speed production of modern times and where a constant pull 
or a constant pressure has to be maintained indefinitely or con- 
tinuously, as for instance in paper mills and plywood operations, 
irrespective of the variation of the strength and the structure of 
the individual work elements, fluid-pressure devices and methods 
have proved to be able to perform automatically and uniformly. 


OPERATING CHARACTERISTICS OF PosiTivE-DISPLACEMENT 
VARIABLE-DELIVERY Raprat-Pisron-TypPz Pumps 


The underlying theory of the commercially known variable- 
delivery rotary-piston-type pumps or oil-pressure generators 
will be best derived in connection with the accompanying Fig. 1. 
In these types of pumps a primary rotor 1 is positively or float- 
ingly coupled to a secondary rotor 2 or 2’ by means of a number 
of radially reciprocating pistons 3, which reciprocate in coacting 
radial cylinder bores provided in the primary rotor 1. Fig. 1 
shows the two fundamental types of hydraulic generators, in one of 
which the secondary rotor 2 is a ring and the cooperating pistons 
have a semi-crank motion in regard to this ring, whereas in the 
other type of pumps the secondary rotor 2’ is a regular polygon 
and the cooperating radial pistons have a crankless pure harmonic 
motion relative to this polygon along the respective sides of the 
polygon. Under ordinary conditions, each rotor 1, 2, or 2’ ro- 
tates about its own axis O; and O,, thereby causing the pistons and 
cylinders 3, which are actuated by the secondary rotors 2 or 2’ 
in a specific manner, to make a suction stroke and a pressure 
stroke during each simultaneous revolution of the rotors. The 
entire assembly comprises members 1, 2 or 2’, and 3. The 
horizontal plane containing the individual rotational axis O; or 
O, of the rotors 1 or 2 or 2’ is characterized in Fig. 1 by its inter- 
section line N-N with the plane of the drawing of Fig. 1, and 
which represents the dead-center position of all the pistons. The 
dead-center position therefore is the intersection line of the plane 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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of the rotational axis and the main meridian plane containing all 
the pistons. Therefore it will be observed that each piston, with 
its outer end attached to the secondary rotor 2 or 2’ during 180 
deg of one of its revolutions, relatively will approach the primary 
rotor radially, whereas during the subsequent 180 deg of one of 
its revolutions it will move away from it, or vice versa. Thus the 


distance of the rotational axis 0; and O» will determine the eccen- 
tricity p of the pump, which, as will be set forth later on, may be 
varied from zero to the maximum value, toward each side of the 
stationary center O,, which is the center of the primary rotor 1 in 
this instance, and thereby the stroke of the pistons will be accu- 


3e) 
Fic. 1 


rately controlled. When 0; coincides with O:, the associated 
assembly will rotate bodily as a unit and no reciprocation of the 
pistons and cylinders will take place; hence the delivery will be 
zero, despite the full-speed rotation of the pump. 

It is evident from Fig. 1 that as soon as the connection of 
piston 3 with its actuating rotor 2’ is such that its outer end 
maintains a relative reciprocation on the side s of the regular 
polygon 2’, the. pumping movement of plunger 3 will be given. 
Path s is drawn tangentially to the secondary rotor 2 in point B 
and assuming that the operating eccentricity circle is 4 of the 
radius p, as shown in Fig. 1, and further assuming that the rota- 
tional angle of the piston 3 is measured from the line N-N of all 
the dead centers, after a time period of ¢ seconds, the angular 
speed w will be: 


Piston 3 will cover an angle a, which will be given by the ex- 
pression: 


Assuming further an anti-clockwise rotation of the piston, 
after the dead-center position, the displacement x of the piston 3 
will be given by the following expression: 


or in the function of time t: 


It may be that a particular design does not constrain the motion 
of the outer end of a piston at the straight line s of rotor 2’, 
but it guides along a circular path 2 of the rotor, in which case 
it can be easily proved that: the fundamental equation of the pis- 
ton displacement will be similar to that given by Equation [4], 
with the addition of a modifying factor, which will express that. 
at time ¢ the outer end of the piston will not be at the line s, but 
it will be in point C on the circular path 2 instead of in point B 
of the path s. 

From the triangle AB’C of Fig. 1, which is a rectangular tri- 
angle with its hypotenuse AB’, the distance BC = @, in which 
the piston path x of the two fundamental designs are differing, 
shown in Fig. 1. The difference is called the modifying factor e, 
for the circular-piston-path type of pumps, and it may be 
expressed as follows: 


The particular means which engage the pistons with the secon- 
dary rotor 2 form the “tendon of Achilles” of each design, and the 
ways by which the tremendous hydraulic load of each piston is 


Fie. 2 


transmitted to the secondary rotor or reaction member will 
determine the characteristics of each particular design. 

Fig. 2 shows a pressure-control-equipped high-pressure pump 
of the author’s design. 


Fiow CHARACTERISTICS IN THE PumMP LINES 


From the simple analysis expressed in Equation [4], it follows, 
as far as the atmospheric pressure is capable of accelerating the 
fluid behind a piston, that it will represent not only the displace- 
ment of a piston, but the motion of the fluid which is sucked in 
or expelled by the piston. Hence, the first and second deriva- 
tions of the path in Equation [4], according to the time, will 
give the velocity and acceleration of the fluid following the pis- 
tons. Thus the velocity of a stream following a piston will be: 


dx 5 
ee ae nerd eee mT cei a OO 
7 [5] 
or 
Ure) pOsSIN col. carsccin ate Sa ee {6} 


or 
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The stream path, velocity, and acceleration Equations [4], [6], 
and [8] are represented in the time-flow diagrams Figs. 3a, 3b, 
and 8c. 

In the case of a series of radial pistons and cylinders of 5- or 6- 
piston units, the diagrams are shown in Figs. 4a, 4b, 4c, and 5a, 
5b, 5c, respectively. They give an interesting picture of the 
resultant flow conditions of a 5- or 6-cylinder unit of the type 
of pump in which the piston crossheads are guided on the line s. 


He peuf sine = 4 sinea], 


They show that the displacement curves have critical sharp 
corners as well as the acceleration diagrams, whereas the velocity 
has small harmonic peaks; for instance, in the case of a five- 
plunger pump, ten small peaks, and in the case of a six-plunger 
pump, six large peaks. With similar deductions we would find 
that an odd number of pistons in a pump will give, during each 
revolution, a number of pulsations twice the number of pistons. 
The diagrams of Figs. 3, 4, and 5 are plotted for the duration 


Fia. 8 
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of one revolution, which in the present instance is one-tenth of 
» second, or for 600 rpm. These diagrams are given for the 
purpose of illustrating clearly that the delivery of multi-plunger 
pumps is externally smooth and that it gives a sufficiently high 
periodic fluctuation in the flow of the pressure fluid and energy 
which are required by the respective application. 

Figs. 6a, 6b, 6c, 7a, 7b, 7c, and 8a, 8b, 8c are the parallel 
diagrams of resultant flow for the type of pumps represented in 
Fig. 1 by the secondary rotor 2, which carries the piston cross- 
heads on an actual arc instead of a straight line. 


FLow CHARACTERISTICS OF THE SEMI-CRANK-TyPE Pumps 


In Figs. 6a, 6b, and 6c, for the purpose of comparison, the effect 
of the modifying factor e, expressed in Equation [4a], is shown. 
From the figures of group 6 it is evident that the pure harmonic 
nature of the velocity of the suction or the discharge line of the 
crankless or semi-crank type rotary pumps is, practically speak- 
ing, the same in both types of pumps. The terms crankless and 
semi-crank are used for the two types. When the crosshead is 
compelled to slide on the straight line s in Fig. 1, it is evident 
that the crosshead will have no rocking movement in regard to 
the piston. In the second case, it has a rocking movement, and 
the piston itself forms the connecting rod. 

) The equation accompanying Fig. 4a is as follows: 


p[3 + 1.588 sin a — 0.5 cos a].......... [9] 


ce = 


and expresses the resultant displacement of the simultaneously 
sucking or delivering pistons in the function of the time in a five- 
piston pumping unit. Since the number of pistons is odd, it is 
evident that simultaneously there will be two or three pistons at 
the suction or at the delivery side of the pump, as shown in the 
figure. For instance, between the time 0.01 and 0.02 sec 
‘there are two stream waves, whereas between the interval 0.02 
and 0.03 there are three stream waves or pistons. Consequently, 
for every 36-deg travel of the pump, there will be a two- or three- 
piston period in the resultant displacement expression. Equa- 
tion [9] is the expression for the three-piston period as marked 
with the inequality equation: 


which means that after the dead-center position between zero 
and 36 deg, the first period is a three-piston period, as shown 
in Fig. 4a. The same is true of the equation of resultant ve- 
locity, which is as follows: 


ve = pw[1.538 cos a + 0.5 sin a]........-- [10] 


which expression is valid for the interval of inequality [9a]. 
The resultant acceleration exerted by the atmospheric pressure 

in order to accelerate the suction fluid and keep it in contact with 

the bottom of the suction plungers will be expressed as follows: 


de = pw(0.5 cos a — 1.538 sin a].......--. {11] 


_ with the same region of validity as Equations [9] and [10]. 


In case of n pistons, the equations of resultant path, velocity, 


and acceleration were first developed by the author in 1929, 


in his doctor’s dissertation on “The Analysis of Construction and 


ee ation of Rotary Pumps, With Particular Regard to the 
~ Elimination of Destructive Phenomena in the Pumps.” 


In an n-piston pump, 7 being assumed to be an odd number, 


the maximum number m of the simultaneously sucking or de- 


- 


— —_- 


livery pistons will be 


whereas the minimum number of such pistons will be: 
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According to the analysis of the dissertation for the m and m — 
1 piston periods, the resultant displacement equations will be: 


k=m—2 k=m—2 
1m = p| m— 005 « ) cos kG + sin a ) sin | 08 
k=0 k=1 
and: 
k=m—2 k=m—2 
sump | (1) —e08 a ) cos kB + sina sin | 
k=0 k=1 


The velocity equations for the periods of m and m— 1], re- 
spectively, of the resultant suction and delivery, will be: 


k=m—l1 k=m—1 


Vem = pw E a ) sin kB + sina ) cos ra |. {16} 
k= k=0 
k=m—2 k=m—2 
Ve(m—1) = pw E a ) sin kg + sina ) cos ro [160 
k=1 k=1 


The resultant fluid acceleration in the suction pipe will be: 


k=m—1 k=m—1 
Gen = po? E a ) cos k8 — sin a ) sin i | . 17} 
k=0 k=0 
k=m—2 k=m—2 
Qe(m—1) = pw E a ) cos k8 — sina ) sin go [070 
k=0 k=1 


Equation systems [15] to [17a] thus define the motion of the 
fluid for any piston number in a pump.’ If m becomes even, 
then: 


Susteieisis! elenslens eters eles) se 


Thus the number of sucking and delivery pistons will be the 
same, and the foregoing equation system will be simplified and 
reduced to three fundamental equations, expressing the resultant 
path, velocity, and acceleration in the pipe lines of the pump 
or its associated circuit. 


PowrR REQUIREMENTS 


In order to give another picture of other characteristics of the 
pump shown in Fig. 2, the pump was tested in regard to its 
mechanical and volumetric efficiencies with a General Electric 
wattmeter, to measure the input energy at various pressures. 
The results are shown in Fig. 9. The input kilowatts were 
measured at the clamps of the electromotor; therefore the 
efficiency of the driving motor was taken in consideration in 


2 It is assumed in these calculations that the pistons have a unit 
suction area and that the resultant passages have a unit section area 
also. 
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plotting these diagrams. In Fig. 9 m is the volumetric efficiency, 
nm is the mechanical, and 7 is the overall efficiency of the pump. 

Besides the full-stroke input-horsepower diagram and measure- 
ments, a time diagram was taken at various pressures, as indi- 
cated in Fig. 10, to determine the input horsepower at these 
pressures, when the pump is equipped with an automatic pressure 
control as shown in Fig. 2. In Fig. 10, in the time diagrams, 
section 1 of the curves represents the idle running of the pump, 
and peak 2 represents the time at which the pressure control 
unloads the pump against a spring pressure which tends to 
hold it at its maximum stroke. As the pressure approaches the 
set pressure of the control, say 2500 lb per sq in., the horsepower 
increases to peak point 2, then the control plunger against the 
spring pulls the pump to short stroke, and while the pressure is 
maintained at its constant value of 2500 lb per sq in., the input 
kilowatts drop down to line 3 in the figure. The difference 
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between line sections 1 and 3 gives the kilowatts necessary to 
maintain the maximum pressure for an indefinite length of 
time. 

The significance of the variable-delivery, positive displace- 


"ment pumps is laid down in the diagrams of Fig. 10. Whereas 


in a constant-delivery pump a minimum of 17 hp would be neces- 
sary to maintain the 2500-lb pressure, in a control-equipped 


 yariable-delivery pump a peak of 8 hp is sufficient, although an 
average of 3 hp will hold the pressure indefinitely. Fig. 9 shows 


for comparative purposes the full-stroke horsepower and un- 


- Joaded-pump horsepower. 


a a 


PressuRE MAINTENANCE 


It must be remembered that in case of a constant-delivery 
pump, even if the fluid is bypassed prior to a maximum-peak 
pressure, the size of the electromotor must be as big as if the pump 
were to work at full pressure at all times. Hence, the economy 

of pressure-fluid energy for pressure-holding jobs, as is typical in 
plywood operations, is readily seen. Here, as is well known, 
the pressure must be kept at a constant value, during a critical 


~ jength of time, which is necessary in order that the hot glue and 


plywood may take up a permanent shape and so that the glue 


will have time to penetrate into the intermolecular spaces of the 


wood and thus bind the layers permanently and elastically. 
AvToMATIC PRESSURE-HOLDING CONTROL 


Fig. 2 shows the arrangement of a pressure-holding control of 
H-P-M radial-type high-pressure pump. Pump casing | is pro- 
vided with diametrically opposite pads 7 and 8 for two control 
rods which connect directly to the stroke-adjusting member of 
the pump in the casing. On pads 7 and 8, there are a spring hous- 
ing 2 and a cylinder 3. In spring housing 2 there is the control 
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spring pulling the control rod in a left-hand direction, thus 
putting the pump on maximum stroke to deliver in one direc- 
tion only through pump main 9. Opposite to discharge main 9 
is suction main 10. Handwheel 5 adjusts the tension of the 
spring, and thereby the force which resists any change of the 
pump stroke. Main 9 is, however, connected with unloading 
cylinder 3 through pipe 4, so that as soon as the main pressure 
reaches the maximum working pressure of the system, the piston 
in cylinder 3, which is a part of the right-hand control rod, pulls 
the control member of the pump toward the right and approaching 
the center position of the pump, when delivery becomes very 
small. As soon as an equilibrium between the spring force and 
the unloading pressure is reached, the pump will maintain the 
pressure against the spring force against any variation in tem- 
perature or slip; thus the main crosshead of the pump will float 
to the right and left to maintain that balance. 


TypicaLt Hook-Up 


Finally, a schematical set-up of a pressure-control-equipped 
variable-delivery pump with a double-acting reciprocating ram 
might be introduced, as in Fig. 11. Pump 1 with control spring 
and housing 3 is mounted on a rigid reservoir 2, so that automatic 
unloading cylinder 5 will be in connection with pressure line 6 of 
the pump through control connection 7. A suction pipe 5 con- 
nects the suction main 4 and reservoir 2. A double-acting four- 
way valve 8 is interconnected between the pump, reservoir, and 
double-acting press cylinder 9 in a well-known manner so that 
line 10 will carry the pressure fluid and line 11 the suction fluid 
through the valve and pipe 12 back to the reservoir 2. 

The simplicity of the press and the entire system, its de- 
pendability, and its ease of control place it among the mechanical 
devices that serve a large number of human needs. 


oo aay ; . ee an) 
r ‘ . ye wi Pe aged val Win - wjirs 


4gk ; ’ a 4 i Pe | a 
hays inal a in i lahot orth tb eerie wet ce stab 1" 


gets &Haott ) 
, ’ 


Aps ‘ oa 
’ Bi “ aeity PD HT Peve at WP? ¥ 
, 3 t Heo 1ye 


, ’ 
, ‘Vy An i 


13 
j 


" 
, § ‘ : ‘ 5 
\ y o 
‘ 
we hoe [ee 
vial 
i 
, 
J aa iy | 
“ns ro posh a ave’e fete 
i a 4 x 
. aA 
t che Werieisa> '§ iF af ww 
i ay get. 
i 
i * 
F ee i 
‘ 
' § ; 5 Fi ° rte wie 
‘ tr ta f 1) Le eT Semi 
Abe 
' t : 1h) penny Ae feOe P) cay 4 
“5 aa" A ata Vertaal) 
i 
t ; = yer a rie 


, Gil Sis 7. eqeaenel <r) Oia rye 


i A 
awh siey ont ek 


~ Allowable Working Stresses Under Impact 


APM-56-1 


By N. N. DAVIDENKOFF,! LENINGRAD, U.S.S.R. 


This paper discusses the nature of failure under impact, 
and indicates how the factor of safety under these condi- 
- tions is determined by the properties of the material em- 
ployed. 


mainly dictated by two conditions: First, by the degree of 
reliability with which the stresses are calculated (data 
concerning the possible external loading, reliability of the funda- 
mental theoretical assumptions, and correct representation of 


Ps proper factor of safety to employ in a given case is 


~ actual working conditions), and second, by the degree of certainty 
» respecting the similarity of the mechanical properties of the 


material with those of the specimens used in the laboratory tests, 
(homogeneity of the material, sufficient similarity of working 
conditions of the material in service and under test). With 
respect to impact, however, both of these conditions are very 
complicated, as the calculation of the theoretical stresses can be 
made only in the simplest cases, and the conditions under which 
tests are made in the laboratory are usually those obtaining at 
static speeds, and very far from the conditions existing in actual 
service. Therefore, in order to determine the proper safe work- 
ing stresses, it is necessary to study both sides of the question in 
detail. 


1—Mersops oF CaLcuLATING STRESSES UNvDER Impact 


At the present time there are two ways of analyzing impact 
stresses: the theoretical, or, properly speaking, the dynamic, 
and the empirical, or static, with a correction made for dynamical 
conditions. 

The first method gives an accurate solution of the problem only 
in exceptionally simple cases, such as elementary problems of 
longitudinal impact of bars with rounded ends,? impact of elastic 
spheres,* impact of a sphere falling on an elastic beam,‘ etc. 
This method is of but little practical importance. In the ma- 
jority of cases other than those mentioned it is necessary to resort 
to approximate solutions, based upon the assumption of simi- 
larity of static and impact stresses and neglecting the time for 
propagation of the elastic wave (kinetic-energy method*). In 
longitudinal impact, this assumption is equivalent to the ad- 
mission that at any given instant the whole bar is affected by a 
homogeneous state of stress. It is difficult to ascertain a priori 
the order of error, particularly because of the fact that the impact 
stresses are to a considerable degree affected by the local condi- 
tions of the impinging surfaces. These conditions for a given 
impact loading may vary, depending on details of the particular 
application (e.g., the state of the edges of a rail joint during 


1 Professor of the Physico-Mechanical Institute in Leningrad; 
Head of the Mechanical Department of the Physico-Technical 
Institute in Leningrad. 

2 J, Sears, Proc. Cambridge Phil. Soc., vol. 21 (1908), p. 49. 

3 A. Dinnik, Izv. Kieff Poly. Inst. (Trans. Poly. Inst. of Kieff), 
1909, no. 4 (in Russian). 

4. Timoshenko; Zeit. f. Math. wu. Phys., vol. 62 (1913), p. 198. 

5S. Timoshenko, ‘‘Strength of Materials,” 1930, chap. 10, pp. 
65-68. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 5 to 9, 1932, 
of Tum Amprican Socinty oF MrcHaNIcaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not 
those of the Society. 


impact of a rolling wheel), and resulting in a different magnitude 
of stress. ‘Therefore the reliability of the theoretical calculation 
of the stresses is very low. 

The second method is applied in cases where series of impacts 
cause oscillation of the loading about a certain mean value corre- 
sponding to the static conditions. For instance, the loading 
exerted by wheels of a moving train on the rails or on a bridge 
truss, by the wheels of a truck on the highway pavement, etc. 
are of this kind. In such cases it is customary to judge the 
impact character of the loading by a dynamic coefficient greater 
than unity, expressing the ratio of the maximum impact load to 
the equivalent load under static conditions. The value of this 
coefficient can be determined in some cases in a purely empirical 
way, and our knowledge in this field is constantly increasing.® 
However, in many cases we still have to be satisfied with arbitrary 
assumptions about the dynamic coefficients by employing merely 
general considerations. 

In view of the uncertainty of calculation of the impact stresses 
and of the variety of solutions obtained, it is not possible to make 
any general statement concerning the allowable working stresses; 
therefore, in the following there will be considered only the case 
in which the impact stresses, calculated in one way or another, 
are checked experimentally and are consequently reliable. 

As far as the actual methods of checking are concerned, diffi- 
culties arise because of the short duration of the impact (usually 
of the order of a few thousandths of a second) and of the wave 
character of the stress distribution. This checking will be treated 
in detail later. 


9——DErERMINATION OF THE MECHANICAL PROPERTIES IN THE 
LABORATORY 


In considering the mechanical properties of materials, the 
fundamental problem may be stated as follows: Is it permissible 
in calculating the allowable working stresses to use as & basis the 
yield point and the tensile strength of the material obtained under 
static conditions of loading? 

The question has to be stated in this way for the reason that 
purely impact testing for rupture as usually carried out does not 
afford any means of determining directly the behavior of the 
metal during the impact. It is necessary to integrate the forces 
throughout the whole region of deformation, or to calculate the 
amount of the energy of deformation, which, however, cannot be 
used directly as characteristics for structures.’ Consequently 
there arises the following question: What relation exists between 
the dynamic and the static properties (mainly, the yield point 
and tensile strength), which of them is the larger, and how much? 
The answer can be given only with the help of scientific investiga- 
tions which are of a complicated nature but are nevertheless 
available in large numbers. 

In studying the influence of the variable speeds of static load- 
ing, we are enabled to predict the change of properties at impact 
speeds. Long ago it was noticed that in the plastic deformation 
of solid bodies internal friction increases with the speed, approach- 
ing the friction of viscous liquids; it is therefore natural to expect 


6S, Timoshenko and B. Langer, “Stresses in Railroad Track,” 
Trans. A.S.M.E., vol. 54 (1932), APM-54-26. See also works of the 
Russian Bridge-Testing Stations (HKBC), 1926. 

7N. Davidenkoff, ‘‘Factor of Safety in Dynamical Calculations,” 
Stroitelnaja Promishlennost (Structural Industry), no. 11 (1924), p. 
713 (in Russian). 
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an increase of resistance to plastic deformation with an increase 
of speed. On this property was based the further one of ‘‘re- 
laxation” (at constant deformation) which was studied by Max- 
well,? and also one generally known as the creep of metal (at 
constant stress). The conception of Schmid and Polanyi’ gives 
perhaps the clearest physical idea regarding these properties. 
They propose to differentiate between “thermal” and “athermal” 
plasticity. It is assumed that in the process of plastic deforma- 
tion the heat motion of the atoms (thermal plasticity) continu- 
ously reduces the strengthening caused by cold working (athermal 
plasticity); in the case of short-duration loading (high speed) 
or loading at low temperatures, the reduction of the strengthening 
is slackened, and it is necessary to supply more energy for the 
same deformation. The nearer the melting temperature of the 
metal is to the room temperature, the more evident is this influ- 
ence of the speed because of the larger mobility of the atoms. 
Therefore, for example, lead is more susceptible to speed than 
iron.1! Now, considering the speeds of impact, we have to ex- 
pect this phenomenon to manifest itself to a still greater extent. 
Here, however, appear the experimental difficulties mentioned 
above. 

One of the simplest, but at the same time one of the crudest 
methods of measuring the impact force during rupture of a speci- 
men in the laboratory is to calculate the average strength of the 
specimen; for this purpose it is sufficient to divide the measured 
energy of deformation of the specimen by the total elongation of 
the latter. Comparing the stress-strain diagram obtained under 
dynamic loading with one obtained under static conditions, it is 
possible to obtain a preliminary idea regarding the influence of the 
speed. According to the experiments by Blount, Kirkaldy, and 
Sankey,'” this influence for various steels at high impact speeds 
(height of fall of the blow-imparting 
mass, or tup, 12 meters) was expressed 
by ratios ranging from 1.24 to 1.55, 
and from 1.23 to 1.37 according to ex- 
periments by Kérber and Sack." 

The next difficult problem is the 
measuring of the elastic limit and the 
yield point for impact. This is easier 
to accomplish because of the fact that 
up to the appearance of the first perma- 
nent deformations the specimen obeys 
the laws of elasticity, and its deforma- 
tions can be considered as a measure of 
the stresses. Of the various methods 
used for this purpose, only two em- 
ployed by the author will be considered 
here. 

During one investigation, the fol- 
lowing arrangement shown in Fig. 1 
was used. The specimen A was in- 
serted in the two tups C and D of the 
Amsler testing machine in such a way 
that the lower tup D was suspended from the upper tup C not 
through the specimen, as is done in usual testing, but with the wires 

8 Maxwell, Encycl. Brit., 9th ed., vol. 7, p. 798. 

9B. Schmid, Naturwissenschaften, vol. 17, p. 301, 1929. 

10 At very low speeds, lowering of strength must be expected, which 
actually was observed (Welter, 1927) for all metals with the excep- 
tion of iron (Bottomley, 1879); for this latter, at low speeds, a special 
phenomenon appears, namely, aging, causing a new rise in strength. 

11, Siebel and A. Pomp, Mitt. K.-W. Inst. fir Eisenforschung, 
vol. 10 (1928), p. 63. 

12 Proc. Inst. M. E., 1910, p. 715. 

13 F, Kérber and B. Sack, Mitt. K.-W. Inst. fiir Eisenforschung, 
vol. 4 (1922), p. 11. « 


14N. Davidenkoff, Izv. St. Petersburg Poly. Inst. (Trans. Poly. 
Inst. of St. Petersburg), vol. 20 (1913), pp. 421-462, 547-580. 


Fie. 1 Diacram SHow- 

ING ARRANGEMENT OF 

Turs AND SPECIMENS IN 

THE AuTHOR’S ExPERI- 
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E. When the projecting shoulders of the upper tup strike the fixed 
parts F, the wires break, the tup C rebounds, while D continues 
to move down until it causes an impact tension in the specimen, 
changing the speeds of the tups. These speeds were measured 
by means of diagrams made by both tups on a rotating cylinder. 
Knowing the weight of the tups, it was possible to calculate the 
amount of elastic energy expended by them on the specimen. 
The actual amount of the elastic energy accumulated in the 
specimen had to be larger than the amount of energy measured 
in this way, because of unavoidable losses. Knowing the 
amount of the potential energy, it was possible to calculate the 
stresses; and by observing the instant of appearance of the first 
Liiders lines on the surface of the specimen, the stress in the 
vicinity of the yield point could be determined. 

Experiments made with a soft steel indicated that the dynamic 
limit of yielding exceeds the static in the ratio ranging from 1.23 
to 1.42; this ratio can be only smaller than the actual one, 
according to the statement previously made. 

Another series of experiments was performed by the author 
and K. Yurieff for the purpose of determining the relative 


Fig. 2. Typr oF SpEcimEN Usep IN EXPERIMENTS OF DAVIDENKOFF 


AND YURIEFF 


magnitude of the yield point with respect to the tensile strength 
of the material.!° The method of the Liiders lines was again 
used, but this time in the following manner: The specimen to be 
tested had the form and dimensions shown in Fig. 2, and its 
surface was polished. After its rupture in the Amsler machine, 
it was evident that the plastic deformation accompanied by the 
Liiders lines progressed on the conical portion to a certain section, 
usually easily noticeable by eye (especially if the sample had been 
previously covered with shellac), After having measured the 
area A, of this limiting section, in which, obviously, the stresses 
were at the dynamic yield point p:, it was possible to determine 
also the relative value of the latter from the conditions of equality 
of the maximum tensile force in all sections: 


Monee 


Ayp, = Aop or F a; 


iy 

where Ao is the original area of the section in the cylindrical part 
and p is the tensile strength of the material. From static tests 
on similar specimens it was possible to determine the same ratio 
for low speeds and then to make a comparison. 

Experiments performed on six different varieties of annealed 
carbon steel showed that the ratio 7 for impact loading is always 
larger than for static loading, the average of the two being 1.25, 
the ratio varying from 1.10 to 1.43. 

Finally, A. Dinnik!® investigated the impact of steel spheres 
against a steel block with a plane polished surface; by observing 
the instant that the first permanent deformations appeared, and 
then employing the exact theory of H. Hertz, he calculated the 
corresponding stresses. By comparing these with the corre- 
sponding stresses in static loading, he found that the dynamic 
yield point exceeds the static in a ratio of at least 1.85. 

The foregoing values, together with data from other series of 
investigations, are given in Table 1. 


15 N. Davidenkoff and K. Yurieff, First communication of the 
NIATM, Zurich, 1930, p. 231. 

16 A, Dinnik, Izv. Kieff, Poly. Inst. (Trans. Poly. Inst. of Kieff), 
1909 (in Russian). 


TABLE 1 RATIOS OF RISE OF YIELDING LIMIT AT IMPACT 


Authority Year Material Ratio of rise Remarks 
SB. Hopkinson” 1905 Steel wire TVS! gee, COOOSD SU SOO ORD 

tite Copper wire 1.28 = sevveeeereeeeers 
»A. Dinnik'* 1909 Steel RZ RE Sook eer OG 
__N. Nemiloff8 1910 Steel TOs oe aeheerecncosonmcrs 
’N. Davidenkoff™ 1913 Steel Ae S— IEA 4s Weta eniente laters. «etl © 
\ BE. Meyer! 1927 Iron i A Tye ocala! SUPRA Arn eiees eye 

N. Davidenkoff and 
K. Jurieff's 1927 Steel 1.10-1.43 Relative (not abso- 


lute) rise of yield 
point 
\ All the experimental data show a considerable rise of the yield 
point at impact with the exception of those recently reported by 
- Guest,” which are of opposite characte. Guest measured and 
' recorded the elastic deformation during longitudinal impact of 
two long iron bars (11 ft and 23 ft), and using this deformation, 
~ he checked the correctness of the methods employed in calculating 
the stresses. As the yielding limit, he assumed the stress at 
' which the coefficient of recovery after the impact (relative height 
_ of rebound of the striking bar) started sharply to fall. This 
stress (31 kg per sq mm) but slightly exceeded (less than 1 per 
~ cent) the static value of the elastic limit. 
_ It seems to be possible to reconcile these contradictions. In 
- all experiments mentioned above, rather large deformations were 
used as criteria of passing beyond the yielding limit, such as the 
~ Liiders lines in the author’s experiments or an apparent deforma- 
tion changing the refraction of light (Dinnik); but Guest in his 
experiments with the most accurate measurements (=+0.0001 in.) 
discovered no change in the dimensions of the bar after passing 
beyond the yield point. Therefore it is possible to believe that 
the stress at which the first exceedingly small permanent def- 
ormation appears does not depend on the speed; but if the 
determination of the elastic limit or the yield point is connected 
with a definite value of the permanent deformation or with a 
definite degree of its external expression (Liiders lines), the 
difference from the data given in Table 1 is then apparent, be- 
cause the short duration on the blow does not permit the def- 
ormation to sufficiently develop. 

For the designer, the stresses beyond the yielding limit are 
dangerous only in connection with the above-mentioned external 
effects, and therefore the numerical results of Table 1 remain 
valid. 

Finally, in measuring the strength of a material under impact 
it is necessary to use extremely elaborate experimental methods, 
which will permit determining fully the whole stress-strain 
diagram in impact. Many procedures have been proposed for 
this purpose, but none of them received has been employed in 
more than a single investigation. They all fall into one of two 
classes: 

1 The curve of the motion of the tups that ruptures the 
specimen is recorded as a function of time, s = f(t), and by 
differentiating this curve twice, the acceleration, d?s/di?, and 
consequently the strength of the specimen, is obtained. (See 
Plank,?! Elmendorf,?? Gett,”* Homger,** Seehase,?® Schwinning 
and Matthaes,?° Kérber and Storp,”’ and Yamada.?) This 


17 B. Hopkinson, Proc. Roy. Soc., London, 1905, p. 498. 

18 N. Nemiloff, The Engineer (Kieff), 1910, nos. 11 and 12 (in 
Russian). 

19H. Meyer, Forschungsarbeiten, V.D.I., no. 295, 1927. 

20 I. Guest, Proc. Inst. M. E., 1930, p. 1273. 

2B. Plank, Z.V.D.I., vol. 56 (1912), p. 17. 

22, A. Blmendorf, Al. Franklin Inst., 1916, p. 771. 

23 P. Breuil, Revue de Mecanique, 1909. 

2 Homeger, Z.V.D.I., vol. 56 (1912), no. aMle 

25 H. Seehase, Forschungsarbeiten, V.D.1., no. 182, 1915. 

26 W. Schwinning and K. Matthaes, Deutscher Verbund fir 
Materialpriifung der Technik, 1927, no. 78. 

27 F. Kérber and H. Storp, Mitt. K.-W. Inst. fur Kisenforschung, 
vol. 7 (1925), p. 81. 

28 R, Yamada, Science Reports, Tohoku University, vol. 17 (1928), 
p. 179. 
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method has the disadvantage that considerable errors are un- 
avoidable in the process of double graphical differentiation. 

2 Elastic self-recording dynamometers are used: for example, 
in measuring the elongation of a steel bar (Moore,” Meyer®); 
mutual compression of spherical lenses (Kirner,* Davidenkoff*?) ; © 
deformation of piezoquartz (Prince Galitzyn,** Kluge and 
Linckh*). The difficulty in using dynamometer methods lies in 
the necessity of providing the elastic system of the dynamometer 
with a natural-vibration frequency several times smaller than the 
duration of that part of the investigation during which the 
change of the force must be correctly recorded. Apparently the 
use of piezoquartz gives the best results, although for recording 
the electric charge, which varies quickly, it is necessary to have 
an oscillograph of almost negligible inertia. This condition can 
be met only by using a cathode oscillograph. 

Adopting this latter method, an experiment in measuring the 
impact resistance of specimens was carried out in the author’s 
laboratory.** Fig. 3 is a schematic diagram showing the use of 
the oscillograph. The cathode beam was simultaneously affected 
by two fields giving transitory motion in two planes perpen- 
dicular to each other, namely, an electric field, obtaining its 
potential from the quartz crystals at D, and a magnetic field from 
special spools with large self-induction introduced automatically 


Fria. 3 Diagram SHowine Use or CATHODE OscILLOGRAPH FOR 
Recorpine Impact Forcrs 


Tup 
Specimen 
Piezoquartz (4 crystals) ; 
Cathode oscillograph (P, photographic film; H, diaphragm) 
Glowing wire : 
Coil deflecting the cathode beam (—-—-— ) from aperture in dia- 
phragm H before impact (for protecting P) : 
= Coil connected with induction coil Z and introduced at the instant of 
impact, imposing on the cathode beam a transitory motion along the 
time axis J 
L = Electrodes receiving potential from charge of the piezoquartz and 
moving beam along the axis of charges (forces). It is possible to 
work with one or with two pairs of plates ; 
M = Mechanical arrangement at tup B, grounding the coil @ before B 
begins to fall and adjusting cathode beam in its normal position. 
Coil K is cut into circuit at the instant of beginning of impact, when 
connection with earth occurs through specimen C, tup B, and lever M 


foounnd 


yy AHHQAWD 


and simultaneously with the starting of the impact. The 
specimen receiving the impact from the falling tup, transmitted it 
to the quartz crystals on which it stood. The piezoelectric 
charge produced on the quartz transmitted itself to the plates of 
the oscillograph. The result was that the cathode beam pro- 


29 H. Moore, Proc. A.S.T.M., vol. 22 (1922), p. 124. 

30 KH, Meyer, Forschungsarbeiten, V.D.I., no. 295, 1927. 

31 J, Kirner, Ibid., no. 88, 1910. 

82 Izy, Leningrad Poly. Inst., vol. 29 (1925), p. 53. 

33 Izv. Ross. Akad. Nauk (Proc. Russian Acad. Sciences), no. 11, 
1915. 

34 J, Kluge and H. Linckh, Z.V.D.1., vol. 73 (1929), p. 1311. 

35 By the physicist W. J. Feoktistoff with assistance of Mr. Klaust- 
ing. 
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jected a diagram on the photographic film, P, the ordinates of 
this diagram being proportional to the pressure on the quartz 
at each instant, while the abscissas represented the time to some 
(exponential) scale. Fig. 4 shows the diagrams obtained for 
brass and lead specimens. The results of these preliminary ex- 
periments showed the value of the method, and at present work 
is under way on the construction of more perfect apparatus for 
testing specimens in rupture. 

In spite of the great variety of methods employed, the number 
of quantitative results obtained is very small, because most of the 
experiments were those in which the specimens were bent but not 
ruptured. All of them testify a general rise of the impact curve 
as compared with the static curve, this being more pronounced in 


Dilla) Sis a 


Fic. 4 Impact DIAGRAMS FOR Brass (a) AND LEAD (b) SPECIMENS 


the first half of the diagram than in the latter. Some of the 


ratios for metals are given in Table 2. 


TABLE2 RATIOS OF RISE OF STRENGTH OF MATERIAL UNDER 
IMPACT 


Ratios of rise 


ie 
point Strength 


Authority Year Material Remarks 

Plank 1912 Steel 1.33 1546) Eee os cents 

Meyer 1927 Iron ae 1.12 Initial speed of impact 
Steel 1.06 = 
Brass DOL ase etter ieticke ots renee 
Copper PALS os Mearctateccneterne re 'o)s ete'lo' = 

Seebase 1915 Steel 1.14 Compression 
Copper 1.15 Stresses referred to 
Brass 1.02 equal deformations 
Iron Tsai) | eee cere seg 


The ratio of rise for strength is not so large as that for the yield 
point, but is large enough to be observed in all experiments 
(except perhaps those on brass). 

The general and indisputable conclusion to be drawn from the 
foregoing data is as follows: The tensile strength of the material 
and especially the yield point are higher under impact than under 
static conditions; however, the amount of rise of the strength and 
yield point is difficult to state because of lack of agreement of the 
experimental data available at the present time. 


3—SELECTION oF ALLOWABLE WORKING STRESESS 


It is a question whether or not it is possible to base the de- 
termination of factors of safety upon the increased values of the 
yield point and strength under impact instead of using the static 
values. It seems to the author that the answer must be negative 
for the following reasons: 

1 The static loading is imposed by a force (weight, pressure of 
water, etc.), while the impact is by a definite amount of kinetic 
energy and fundamentally different. Any local inhomogeneity 
of the material (blow holes, etc.), and the local weakening of 
any cross-section, leads to a decrease in strength of the specimen 
in the same ratio, while the work of deformation of such a bar 
decreases to a much greater extent because of the decrease in its 
total elongation.*® 

2 In the case of repeating the same impact beyond the elastic 


36 See S. Timoshenko, “Strength of Materials,’ 1932, part 1, 
art. 64, problem no. 9. 


limit (the author does not have in mind here the typical repeated 
loading encountered in problems of fatigue of metals), the perma- 
nent deformation received at the first impact may increase 
because of the increased duration of the activity of the same 
force, while under static load the permanent deformation does not 
depend on the number of applications of the force. This fact 
diminishes somewhat the favorable effect of the rise of strength 
occasioned by impact. 

3 Incidentally, increases of the loading under impact, as 
compared with those determined by calculations, are more 
probable than under conditions of static action of the load, be- 
cause of the iarger number of factors which may influence the 
magnitude of the impact load. 

All this can be considered as an argument for using the same 
allowable stresses in designing members of structures subjected to 
impact as are used in static calculations. 

In making this statement, however, the question of reliability 
of the theoretical calculations used for the determination of 
stresses under impact has not been taken into account. Conse- 
quently the allowable working stresses have to be diminished by 
introducing an additional “coefficient of uncertainty,” the 
magnitude of which depends on the degree of knowledge we have 
of actual impact loading. 


4—Impact BRITTLENESS 


The author has not as yet discussed the question of impact 
testing of notched specimens in bending. Would it now be pos- 
sible for the designer to use the coefficients of “impact ductility” 
obtained from such tests as additional factors in determining the 
allowable stresses? In order to obtain a clear answer to this, it is 
necessary to treat the question of the physical significance of such 
tests in a somewhat more detailed way. 

It is known that there are materials which, while giving quite 
satisfactory results in static and even in impact tests for rupture, 
fail with scarcely any expenditure of energy during notched-bar 
rupture tests. This involves an element of danger, because 
among the various members of structures working under impact 
conditions, there are very many in which abrupt changes in form 
occur, and these can cause the same effect as notches (holes, 
grooves, keyway, blowholes, etc.). Now, what is the reason for 
such brittleness and why does it not manifest itself in other types 
of test? 

Before answering this question let us consider the conditions 
that differentiate the impact test of notched samples from the 
static test, namely, the notch and the high speed. 

As shown by Ludwik,*’ during any plastic deformation the 
presence of a notch causes a special state of stress in the vicinity 
of the notch. In addition to the fundamental tensile stress 
caused by the external forces, there arise two other main tensile 
stresses representing the reaction of masses in the specimen not 
participating in the deformation but located in its vicinity. 
According to the hypothesis of maximum shear stress, the re- 
sistance to defc~mation is determined by the maximum difference 
of the principal stresses; therefore the presence of a special 
state of stress is accompanied to a certain extent by a rise of the 
stress diagram for the material at the base of the notch. 

The speed, as was seen above, affects the stress-strain diagram 
of the tension in the same ees further increasing the strength 
at a given deformation. 

Referring to Fig. 5, let the curve AB represent the actual 
tensile stress (i.e., the stress as referred to the actual area of the 
cross-section and not to the original area, as it is usually assumed). 
The instant of rupture is determined by intersection of this curve 
with another curve CB, the ordinates of which represent the 
actual strength of the material in various states of cold working. 

37 P. Ludwik, Zeit. fiir Metallkunde, vol. 16 (1924), p. 207. 
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Unfortunately, we do not know the actual shape of this curve, 
and can only conjecture it, although recently Kuntze,** using 
results of tests, has determined a number of points thereon. 

On the basis of certain known facts and by theoretical reasoning 


» it is safe to assume that the location of the curve CB, which 


depends only on molecular attraction, is neither affected by speed 
nor by the special state of stress (and even if this should be the 
case, it would have but little effect as regards the rise of the 
curve). Then, due to notch action and speed, the curve AB 
will rise to the position A’B’, curve CB remaining fixed, and 
continue rising until at a certain critical instant point A of the 
curve reaches the point C. After this brittle rupture occurs, 
because the strength in shear will be greater than the strength in 
tension. 

It is clear now how the simultaneous action of speed and riotch 
will cause brittle rupture of a material which is entirely ductile 
when undergoing the usual tests. Soft steel (iron) behaves in 
this way as a result of improper heat treatment (coarse-grained, 
overburning®), and chrome-nickel steel at a certain stage of 
annealing.” 

Variation in the conditions of the test (sharpness and depth of 
the notch, speed of the impact, temperature) will cause the same 
material to rupture sometimes as a brittle and sometimes as a 
ductile material. It is possible under given test conditions for 
two materials to prove equally ductile, while under more severe 
conditions one of them will experience brittle rupture and the 
other not. As a basis upon which to form an opinion regarding 
the tendency of a metal to brittle-rupture, it is necessary to carry 
out a series of tests in which one of the factors affecting the rup- 
ture is varied. 

The most convenient procedure is to use the temperature of 
the test as the variable parameter. While temperature has not 
as yet been mentioned as a factor, nevertheless it is responsible for 
the location of the curve A’B’ (Fig. 5). According to Schmid 
and Polanyi? the dependence of the stress-strain diagram on 
temperature is an established fact and appears to be the funda- 
mental reason for introducing the term “thermal plasticity.” 
It is to be expected that with a lowering of the temperature the 
curve A’B’ will rise, and for materials which at room temperature 
are characterized by a ductile rupture, brittleness will appear at 
some lower temperature. Indeed, testing at varying tempera- 
tures gives a curve of the form qualitatively shown in Fig. 6 and 
having a more or less sharply defined “critical temperature 
range’—which is steep for a steel of low carbon content and 
flatter for carbon and special steels.‘ 

Fig. 7 shows the curves obtained in the author’s laboratory *” 
_ for two specimens of the same boiler plate (carbon = 0.10 per 
cent): curve I was obtained after a standard heat treatment and 
curve II after an artificial overheating (two hours at 1200 C). 
It is seen that the overheating and the resulting coarse-grained 
structure displace the “critical range” toward the range of higher 
temperatures, in this case of room temperatures. The position 
of the critical range appears to be the best criterion for the ten- 
dency of the material to brittleness. 

If the idea advanced concerning the effect of the notch is 
correct, then brittle rupture must occur also under conditions 
when one of the factors is excluded—for instance, speed or 
notch—and the third one, temperature, is simultaneously in- 
creased. Indeed the author succeeded in obtaining, for the same 


38 W. Kuntze, Sonderheft 20, deutsche Materialpriifungsanstalt, 
1932. 

39. Koérber and A. Pomp, Mitt. K.-W. Inst. fir Hisenforschung, 
vol. 6 (1925), p. 33. 

40N. Davidenkoff and Zaitzeff, Journal of Technical Physics, 
vol. 2, 1932, no. 5, p. 477 (in Russian). 

41 F, Fettwis, Stahl u. Eisen, 1929, Heft 45. 

42 By F. Witman. 
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boiler plate, brittle rupture of a cylindrical specimen (Fig. 8) on a 
pendulum testing machine. A similar exhibition of brittleness 
was observed by Sauerwald** in monocrystal iron, which ruptured 
without deformation under impact at 98 C. Schwinning and 
Matthaes,”° on the other hand, used a notched specimen and 
replaced the impact test by a static one, obtaining also a brittle 
rupture, of course with a corresponding decrease in temperature 
(of the order of 30 deg). Speed alone, however, is sufficient only 
in the case of materials exceptionally inclined to brittleness—for 
instance, phosphorus iron containing more than 0.25 per cent 
phosphorus undergoes brittle rupture in impact tests of cylindrical 
samples at room temperature. Such materials, according to the 
old terminology, are said to be brittle in impact, although the 
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brittleness is, as we see, rather a state than a property of the 
material. 

Fortunately for practical work, not all materials exhibit impact 
brittleness at low temperatures (cold rupture). Up to date the 
latter has been observed practically only in the case of iron and 
its alloys (excluding such materials as zinc and bismuth, which are 
used very little in industry). It has not yet been found whether 
this is a general peculiarity of the given type of the crystal lattice- 
work of the material‘ or a property of a definite chemical element. 
Whatever it may be, neither copper, brass, nor aluminum and its 
alloys exhibit phenomena of cold rupture.“ On the contrary, 
duralumin*® shows at lower temperatures only increased ductility. 
Obviously, for these materials the lowering of the temperature 
(and the equivalent increase in speed) raises the yield point and 
generally the strength in a smaller degree than the increase of 


43 F, Sauerwald, B. Schmidt, and G. Kroner, Zeit. fiir Phystk, vol. 
67 (1931), p. 179. 

44 P, Schoenmaker, First communication, NIATM, 1930A, p. 243. 

45 W. Guldner, Zeit. fiir Metallkunde, vol. 22 (1930), pp. 240 and 
412. 
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strength in rupture.’ This has been confirmed by static observa- 
tions. *® 


5—PracricaL SIGNIFICANCE OF Impact TESTS 


From the foregoing considerations it is clear that the impact 
test of notched specimens, in spite of its necessity (at least for 
ferrous metals), does not afford results having any relation to the 
magnitude of the allowable stresses and should be used only for 
purposes of checking;‘’ it may either reject the material, or 
approve it for use under stresses allowable with static loading. 

The establishment of conditions for the rejection or approval 
of material requires careful preliminary study of the material and 
working conditions of the structure in which it is to be used. 
Only a few general considerations have been presented here. 

Obviously, the matter must be decided by the position of the 
critical range of cold rupture. Therefore the impact test cannot 
be satisfied by any single factor (type of sample, speed, and 
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temperature of test), or even by two of them, as proposed by 
Moser;** it must give the whole curve of the dependence, of the 
type indicated above, on the temperature. This of course intro- 
duces considerable complication into the impact test, and pro- 
hibits the employment of such tests in industry. 

Perhaps in the future we shall learn how to determine in a 
reliable way the actual strength in rupture of a cold specimen and 
its yield point in impact at room temperature, raised by the 
influence of the notch; then, by introducing a definite ratio by 
which the first value exceeds the second one, we shall be enabled 
to ascertain the minimum tendency for brittle rupture. As long 
as this is not possible, as is generally admitted, there is no other 
way in which to proceed but that indicated above: namely, 
determine the whole curve or at least a few of its most character- 
istic points. 

In order to set standard conditions for the test, it is necessary 
to consider the dependence of the temperature of cold rupture on 
the form of the notch, determining the gradient of the stresses 
and, consequently, the degree of progress of the special state of 
stress. Obviously the most severe conditions of the test result 
from using that notch which causes for the same material the 
highest temperature of the critical range; therefore it is desirable 
to base the selection of the standard sample upon a comparison of 
the critical temperatures given by various notches. According 
to a proposal by the author, material is to be prepared in this way 
for standardizing of the impact test at the NATI® in Moscow. 


46 P. Goerens, R. Mailinder, Forschungsarbeiten, V.D.I., no. 295, 
p. 18. 

47 R. Greaves, First communication, NIATM, 1930A, p. 225. 

48 R. Moser, Stahl wu. Hisen, vol. 43 (1923), p. 935. 

49 F, I. Werkstoffhandbuch, Stahl wu. Eisen, 1927, D-1 (F. Fettweis). 

5° Institute for Scientific Research in Automobiles and Tractors. 
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Under such circumstances, we can be sure that worse conditions 
do not occur in actual service of the structure. 

In stating the concrete requirement as to the position of the 
critical range, there appear to be no difficulties when the interval 
is sharply defined and does not exceed 20 to 40 deg C, as in the 
case of steel of low carbon content. In such cases it is sufficient 
to state that the beginning of the drop in impact ductility shall 
not be lower than 20 to 40 deg C (depending on the temperature 
conditions of the structure); the exact form of the notch will then 
appear as an assurance of a certain amount of ductility. 

More doubt will exist in those cases where the critical range is 
not distinctly defined, having an amplitude of the order of 200— 
300 deg (chrome-nickel steel), the drop in ductility beginning at 
a temperature considerably higher than that of the room (80- 
100 ©). Here, obviously, it is not possible to exclude the struc- 
ture from service in the range of initial brittleness. The question 
might easily arise: Is it not necessary to diminish the allowable 
stress in the ratio of the decrease of the impact ductility at the 
temperature of the structure in service as compared with the 
maximum value? Such a procedure, however, would not be 
correct. The experimental data available® show that a decrease 
in the energy of deformation at a lowering of temperature occurs 
on account of the decrease in extension, and not on account of the 
strength of material, which remains approximately constant; 
therefore, in assuming equal allowable stresses there is no de- 
crease in the factor of safety. Only the degree of ductility drops, 
and if this drop is not large (say, 10 per cent), then it is a matter 
of judgment of the designer whether such a drop is admissible or 
not. A necessary condition for its admissibility is the evidence 
given by the diagram of the test, that the drop in ductility occurs 
in a sufficiently slow manner and that complete brittleness occurs 
only at the lowest temperatures. 


6—CoNCLUSIONS 


Summarizing the considerations already stated, we arrive at 
the following conclusions: 

1. The yield point and tensile strength of a material under 
impact are always higher than those at low-speed tests, the yield 
point rising more rapidly than the strength. 

2 The working conditions of the material under impact are 
less favorable than those under static action of a force. 

3 As far as these two circumstances compensate each other, 
it is recommended that in calculations for impact the same 
allowable working stresses be used as for static conditions, 
employing the data obtained in static tests. (Neglecting, how- 
ever, consideration of the reliability of the calculations.) 

4 The impact test for notched specimens can be used only as a 
check test, approving the use of a material or rejecting it; in 
determining the allowable stresses to employ, however, the 
results of such tests are of no value. 


Discussion 


E. Ditton Smiru.5? There are certain data in the paper that 
seem to offer promise of revealing new truths about impact. 
The author’s symposium is the expression of thought of the 
impact workers of European origin. The writer will try to 
bring out certain thoughts not mentioned by the author, as 
well as to present a critical review of some of the data and ex- 
pressions in the paper. 

Should not the conception of impact be based on the funda- 
mental relation of force? This relation is: 


51 W. Schwinning and K. Matthaes, footnote 26; see also that the 
diagrams of the static tests are the more reliable ones. 

52 Special Instructor, School of Technology, College of the City of 
New York, New York, N. Y. 
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-. the deceleration of the hammer (tup or bullet). 
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In this, it would seem evident that the force is dependent upon 
An example of 
' this idea may be given in the following manner. A common 
hammer is allowed to strike a steel beam. The hammer hits the 
beam with a velocity of 200 ft per sec, the hammer weighing 1.93 
Ib. Further, let us assume that the hammer will come to rest 
within 0.001 sec, which is not at all improbable, and in fact might 
come to rest in a much shorter time. The deceleration of the 
hammer may be a maximum at 200,000 ft per sec per sec. Sub- 
stituting, in [1], we have F = (1.93/32.2) 200,000 = 12,000 lb. 

If the assumption of a shorter time had been taken for the 
_ hammer to decelerate, it would be evident that this impact force 
_ is considerably greater than that just given. Further, place the 
force value computed by [1] upon this beam as a static load 
~ of 12,000 Ib. Certainly we can conclude that the effects of the 


| impact and the static forces are not the same. 


The rapidity of the application of the force imparted by the 
hammer and the inertia of the beam will produce effects that 
will be varied. The result will be further qualified depending 
on the load being applied at a rate greater or less than the natural 


L period of the specimen under observation. 


Taking an average value from Table 1, we learn that a beam 
withstanding an impact loading (how determined, the author 
fails to mention) of 15,583 Ib will not fail unless a static load of 
10,000 Ib is exceeded. Would not a moment’s thought indicate 
that this condition is not valid for all cases, depending on the 
speed of the application of this 15,583 lb, the inertia, and the 
period of the beam? 

Tables 1 and 2 also have been examined as to the agreement of 
the results secured by the different investigators. Although 
“the numerical results of Table 1 are valid,” that is no indication 
that such numerical results are a correct measure of the specific 
phenomenon being studied. The results shown in this table 
are found to be homogeneous, or within highly significant agree- 
ment, although the author seems to question them. The 
commensurate data of Table 2 are also homogeneous; however, 
there is reason to believe that more data are needed to indicate 
that they are as significant as those data listed in Table 1. 

Figs. 7 and 8 are to be questioned from the standpoint of 
general theory. Especially in Fig. 8, it seems illogical to con- 
nect the upper and lower sections of the dots with vertical lines, 
asis shown. One reason for this disagreement is based upon the 
writer’s Fig. 9 for quartz piezoelectric crystals. (Although, for 
this case, tuned oscillatory circuits are one explanation; but, not- 
withstanding, there is a change due to temperature shift.) The 
ordinate has been translated to a function of impact loading. 
Another reason for the writer’s disagreement to the treatment 
of data in this manner is that most generally reaction and growth 
curves follow some definite law. Fig. 7 follows a natural change 
by a law controlled by a mathematical logistic curve. But, in the 
case of Fig. 8, it would seem that there are two different and dis- 
tinct changes in the state of the boiler plate—that there are two 
growth curves of the logistic type. 

Referring to the two methods of determining impact forces, 
there are certain facts that should be mentioned about the 
schemes. Under class 1 the author mentions that considerable 
error is present when graphic means of double differentiation are 
resorted to for obtaining the acceleration curve from the space- 
time curve. The United States Bureau of Public Roads seems 
to have concluded differently.** But if this is not satisfactory 
enough, why not revert to a translation of the space-time curve 


53 Smith, E. B., “Impact Tests of Road Materials, Symposium on 
Impact Testing of Materials,” Proc. A.S.T.M., vol. 22, pp. 74-77 
1922. 
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into a mathematical equation and then take the second deriva- 
tive? At the same time it is possible to compute the error in 
any series or equation by which we wish to express the observed 
condition. The success of this method rests with one’s ability. 
to select the relation that most nearly fits the space-time curve 
plotted by the hammer. 

As an example of this mathematical method, assume that 
the space-time curve is a straight line (which it is not—always 
being of second degree or higher, but its trend at certain sec- 
tions can be shown linearly), and let us investigate the error 


Ve OG) Clam 


Tenyperarure = 


Fie. 9 Errecr oF TEMPERATURE ON DAMPED OSCILLATIONS IN A 
QuaRTzZ PIEZOELECTRIC CRYSTAL 


possible, based on the error of the operator in taking the com- 
parator readings from the plotted curve. 
The standard error of the straight line 
NG) SO) SOE Won wo eo BAAS 2oSaeY [2] 
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The partial derivatives are 
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Now since we can take the origin at the middle of the range of the 
curve of 2, [a, b;}] = 0. Substituting, we obtain the hyperbola 
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and where 


for our specific case; y being the observed reading and y’ the com- 
puted or mean value at that same value of x; 7 is the total num- 
ber of readings observed. 

This can be shown graphically, as given in Fig. 10. Also, the 
results of a parabola, treated similarly, are shown in this same 
Fig. 10. In the case of the example cited, it is noticed that the 
error is the least at the point most concerned in our investigation, 
the point of maximum acceleration. 

The difference or the tangential method of obtaining the results 
graphically seems to be as reliable as any mathematical method, 
and often better when only a few cases are to be studied; as the 
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evaluation of the constants in the mathematical equations is 
rather a long job. Since a certain fact has been mentioned 
about class 1, let us turn attention to class 2. 

In the case of the self-recording dynamometer, the piezoelectric 
cell and the cathode-ray oscillograph device have been described. 
The writer does heartily agree that the author has a most ex- 
cellent basic set-up for the measurement of impact directly, but 
he has not carried this idea far enough, nor does it seem that this 
device will be able to give data on impact when impact forces 
delivered by the hammer are above those forces at which the 
piezoelectric crystal will rupture. The rupture of the crystal 
will occur before the rupture of an iron or steel specimen. It is 
interesting to note that reference 34 in Z.V.D.J. uses this same 
idea for tool loads, but the loads are not severe enough to rupture 
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the crystal. Of course, below this point of rupture of the crystal 
possibly excellent data should be secured. 
For quartz crystals we find that 
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where the differential of elongation varies as the change in the 
developed voltage upon its proper faces, being a maximum for the 
x or perpendicular cut. That being the case, the voltage de- 
veloped by the external forces upon the crystal give a direct mea- 
sure of the force applied. This has been shown in Fig. 4 as the 
ordinate. Incidentally, these photos are not those given by a 


records the developed voltage from the crystal. 
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cathode-ray oscillograph; unless the beam is deflected in only 
one plane and recorded on a passing film, which is not customary. 

It is noticed that these photos are not analyzed in this paper. 
Before they may be analyzed, calibration of the device is neces- 
sary. How does the author propose to calibrate his device? 
May the writer suggest that in reality the author has only one 
fundamental method—that of taking an autographic space- 
time curve of the hammer at the same time the oscillograph 
But this is 


' practicable only for impact forces less than the rupture point of 


_ these things. 
in Fig. 11. 


— 


- tion imposed by 


‘a 


the crystal. 

It would seem that ‘‘an additional ‘coefficient of uncertainty 
would not be required if the impact research is carried on under a 
proper scientific method and employing its best tools. 

Perhaps it would be interesting to inspect a curve illustrating 
Such a space-time and derived curves are shown 
A 34-lb hammer has fallen 3 in. on a 7/s-in. by 7/s-in. 
by 30-in. steel beam to record these data. It will be seen that 
the striking velocity of the hammer was 4.35 ft per sec with a 
maximum deceleration of 512 ft per sec per sec, with a deflection 
of a maximum of 0.270 in. Computation gives an impact force 
of 540 lb hitting the beam. In this particular case, a numeri- 
cally equal static force would produce a deflection of approxi- 
mately 20 per cent less. 
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R. V. SourHwE.u.*! Professor Timoshenko gave an account, 
with illustrative diagrams, of work conducted recently at the 
University of Oxford, England, by Mr. J. H. Lavery in collabora- 
tion with Prof. R. 
V. Southwell. This 
work was based 
upon two underly- 
ing ideas: First, that 
the stress distribu- 


tests of the Izod 
and Charpy types 
is too complex to 
be estimated by 
theory, and in- 
volves an undesira- 
bly large amount 
of plastic distortion 
in regions not im- 
mediately adjacent 
to the surface of 
fracture; second, 
that machines 
which employ a 
rigid pendulum can 
transmit waves of 
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so transmitted is 
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mated “work of 
fracture.” ; 3 
The first of these Radius ’/”mm. 


contentions is illus- 
trated by Figs. 12a 
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and 6, and Fig. 13 shows the specimen and method of loading which 
has been adopted at Oxford. A hardened yoke transmits the blow 
of the hammer to the specimen, which accordingly is subjected to 
‘four-point loading,’—i.e., to a uniform bending action (un- 
accompanied by shear) in the region adjoining the notched sec- 
tion. On account of the large bearing areas, there is little or no 
penetration, and no appreciable plastic distortion is involved, 


Horizontal section through 
@ specimen 


Fie. 13 


6a 


Length oF Hammer Suspension = 9 


Fie. 14 


except at the actual surface of separation. The specimen can be 
formed entirely in the lathe, since the “notch” is a concentric 
groove, and accordingly it is cheap to manufacture. 

The objection made to machines of the rigid-pendulum type is 
obviated in the Oxford machine by suspending both “hammer” 
and “anvil” on flexible cords so that they can move without rota- 
tion. The blow occurs at the center of gravity of anvil, hammer, 
and specimen, and in a direction perpendicular to the cords; thus 
no energy can escape from the machine, and the energy involved 
in stress waves (which will be of the longitudinal type) is very 
small because the stresses are low. Figs. 14 and 15 illustrate 
the construction of the machine, and Fig. 16 is a photograph of 
the hammer, anvil, and specimen. 

Comparative tests were made, using exactly the same shape of 
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specimen and method of loading, both in the Oxford machine and 
in a standard Izod machine suitably modified and provided with 
devices to permit specially exact measurement. Fig. i7 shows 
the results obtained with a nickel-chrome-molybdenum steel, in 
50 tests made from material of a single batch, specimens being 
tested in the two machines alternately. The uniformity of the 
results is thought to be satisfactory, and a consistently lower 
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figure for the work of fracture is obtained in the Oxford machine, 
as would be expected if the contention is correct that energy 
transmitted to earth has been wrongly included in the Izod 
figures. 

Fig. 18 exhibits the results of 59 tests made on specimens having 
different areas under the notch, but otherwise identical. The 
work of fracture is closely proportional to the area of fracture. 
This result is explained by the concentration of plastic distortion 
within the material which immediately adjoins the fracture. 
It is thought that the slight rise of the curve (with increasing 
area) can be explained, and the results are evidently indicative 
of a satisfactory dimensional law. 

These 59 tests relate to specimens made with as sharp a notch 
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as possible. On the same diagram are shown (by two crosses) 
results obtained from specimens made with a notch of 0.01 in. 
“root radius,” but otherwise similar. It appears that the work 
of fracture is not sensitive to small variations in the “‘root radius,” 
so that ordinary errors of workmanship will not have important 
consequences. This result is of course important from a practical 
standpoint. 


Mason A. Stone.5® In view of the difficulties in determining 
the stresses occurring under impact which the author discusses in 
section 1 of the paper, his conclusion in section 6, paragraph 1, 
which summarizes the figures in Table 1, are very comforting to 
designers who have to provide for impact. The paper is valu- 
able not only for its content but for the bibliography of refer- 
ences to its subject contained in the footnotes—which the writer 
would have welcomed some five years ago when called upon to 
design a two-story outdoor switching station with the oil circuit 
breakers carried on the upper floor. 

At this time the only discussion of a beam to carry a transverse 
impact load which he was able to find was in Merriman’s “Me- 
chanics of Materials’ (page 335 of the 1906 edition). As the 
footnotes do not give many references to the subject matter of 
section 1, either to the dynamic or empirical method, and as the 
latter may turn out to be a very poor guess indeed, perhaps an 
outline of methods followed and results obtained in the design 
of a typical floor béam and girder of this switching station may 
bein order. It will serve to illustrate the practical advantages in 
the assumption of a high working stress in the design of beams 
under transverse loading and the dangers of trying to provide 
for impact by the addition of an arbitrary percentage to the static 
load. 

The manufacturers of the circuit breakers advised us to pro- 
vide for an impact load from the operation of the breakers under 
a short circuit equal to that which would result from the fall of 
twice the weight of the breaker (exclusive of the frame) through 
2in. This weight was 17,9001lb. Obviously, a blow of 6000 ft-lb 
on a floor system made up of beams of 20-ft span (necessitated by 
clearances) was not to be taken care of by this addition of ‘25 
per cent for impact.” 

For a simple beam struck in the middle by a falling load P, 
Merriman derives the formula for the resulting maximum fiber 
stress 7’: 


T =S+S(1+2h/f)'? 


where S = maximum fiber stress from static load 
h = height through which load falls 
f = deflection, caused by static load 
n = the inertia coefficient. 


The value of 7 for a beam with a concentrated impact load at 
the center is shown to be 


17 
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weight of beam 
weight of falling body. 
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These values are only valid for a simple beam struck at the 
middle, as they depend upon the form of the deflection curve and 
the velocity of the beam at the load after impact. The formulas 
are developed upon the assumption that the shape of the elastic 
curve is the same for impact as for static loading. 

The breaker was carried upon a frame standing upon four legs, 
which were carried upon two floor beams 20 ft long. The length 
of the breaker was 13 ft 4 in. Besides the loading from the 
breaker, the floor beams were designed for the load from a floor 
panel 6 ft 4 in. wide of 41/.-in. concrete and a snow load of 25 1b 
per sq ft. 

The value of 7 for a beam carying two loads equidistant from the 
ends one-sixth the length of the beam was determined to be 0.69. 
After trying several sections, a Carnegie 14-in. 85-lb I-beam was 
finally decided upon. 

The following fiber stresses were obtained: From the dead 
load of the breaker, 2130 Ib per sq in.; from the dead load of 
beam, slab, and snow, 2600 lb per sq in.; from impact, 19,000 
lb per sq in.; total combined stresses, 23,700 Ib per sq in. 

The impact stresses in this case amounted to four times those 
from the quiescent dead and live loads. 

Inasmuch as these stresses occurred only for an instant, it was 
considered justifiable to adopt the practise generally followed 
in the case of stresses from wind load of adding 50 per cent to 
the allowable fiber stress of 16,000 lb per sq in. 

The assumption of a high permissible fiber stress is desirable, 
because the usual expedient to deepening the beam to reduce 
stresses does not work out very well in the case of impact. A 
stiffer beam may result in higher fiber stresses. This was dis- 
covered many years ago when the experiment of deepening the 
rail section was followed by an increase in the number of broken 
rails in service. In designing beams for impact, therefore, 
flexibility rather than stiffness is desirable. This may be ob- 
tained by the use of cover plates so applied that the fiber stresses 
are approximately constant throughout the length of the beam, 
as a beam of uniform cross-section may have twice the stiffness of 
a beam of cross-section varied so that the fiber stress is constant 
throughout. 

This may be illustrated by the design of the girders into which 
the floor beams framed. A 24-in. 110-lb Carnegie I-beam 23 ft 
0 in. long was first tried, which gave a stress from impact alone 
of 25,200 Ib per sq in. The girder finally decided upon was 
composed of a 18-in. 86-lb Carnegie I-beam and two 12-in. by 
3/s-in. cover plates 11 ft 6 in. long and two 12-in. by °/s-in. cover 
plates 5 ft 9 in. long. 

This resulted in a dead and live load stress of 5360 lb per sq 
in. and 15,500 Ib per sq in. from impact, or 20,860 lb per sq in. 
for the combined stresses. Of course the determination of 7 
for such a built-up section with a variation in the moment of 
inertia is somewhat troublesome. 

The explanation of the action of the boiler plates as shown in 
Figs. 7 and 8 was interesting. This phenomenon is well under- 
stood by boiler makers, as a plate which is being flanged goes 
through a temperature range, which is known to the smiths as a 
“blue heat?’ from the color of the oxide formed on the surface of 
the metal, at which the plate cannot be worked because of brittle- 
ness, although ductile above and below this range. 

This may be of interest to the designers of power-plant piping 
if superheat temperatures continue to increase. 


Stability of Thin-Walled Tubes Under 


Torsion 


By L. H. DONNELL,? PASADENA, CALIF. 


THEORETICAL solution is developed for the torsion on 
a round thin-walled tube at which the walls become 
unstable and buckling occurs. 


S = critical shear stress, assumed uniformly distributed 
E, » = Young’s modulus and Poisson’s ratio (0.3 for engineer- 
ing metals) 
l, t, d = length, wall thickness, and diameter of the tube 


Si? lt 
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The critical stress, for short and moderately long tubes, is given 
by the formulas: 


A = 46 + W/7.8 + 1.67 H’/ (clamped edges) 


Il 


A =28 + 1/26 + 1.40 H’/ (hinged edges) 


It is assumed that end cross-sections of the tube remain circular 
and plane, that “clamped” edges are held perpendicular to these 
cross-sections, while ‘‘hinged’”’ edges are free to change their 
angle with the cross-sections. It is found to be immaterial 
whether or not the ends of the tube are free to move as a whole. 
The buckling deformation is found to consist of a number of 
circumferential waves which spiral around the tube from one 
end to the other. For tubes of ordinary length-diameter ratios, 
with clamped edges, the number of waves n and their spiral 
angle near the middle of the tube 6 are approximately n =2.6 J~/s, 


6 = 1.5 . J‘/* rad. If J > 8, that is for long, slim tubes, n is 


always 2, and the critical stress is nearly independent of the edge 
conditions and is given by the formula: A = 0.77 (I/d)\/H, 
which is nearly the same as a formula found by E. Schwerin in 
1924. 

To check these theoretical results the author has made more 
than fifty experiments; in addition, the results of fifty or sixty 
more experiments have been published by the N.A.C.A. and 
others. All available tests give values for the failure stress 
somewhat lower than the values for critical stress predicted by 


1 Abstract of paper presented at the Semi-Annual Meeting, 
Chicago, Ill, June 26 to July 1, 1933, of Taz AmMmrRIcAN SocrntTy OF 
MercHANIcAL Enctnrrers. The complete paper is published by the 
National Advisory Committee for Aeronautics as Report No. 479. 

2In charge of Structures Laboratory, Guggenheim Aeronautical 
Laboratory, California Institute of Technology. Mem. A.S.M.E. 


the foregoing formulas. The experimental values average about 
0.75 of the theoretical, with a minimum about 0.60 of the theo- 
retical. These relations hold consistently over an enormous 
range of sizes, proportions, and materials. The form of the 
buckling deflection, as measured by the number and angle of the 
waves, is found to check closely with that predicted by the theory. 
It is therefore reasonable to suppose that the discrepancy between 
the theoretical and experimental stress is due chiefly to initial 
eccentricities and other defects unavoidable in an actual tube, 
as well as to the fact that all tests were performed with “‘clamped”’ 
edges, while it is well known that a perfect clamped edge is 
impossible to attain. By multiplying the foregoing expressions 
for A by the factor 0.75 or 0.60, we can obtain expressions for the 
average and minimum resistance to buckling to be expected from 
an actual tube. 

In developing the theory, the assumptions are made that the 
material obeys Hooke’s law, that the tube is exactly cylindrical, 
that the thickness is small compared to the radius (as it must be 
if buckling is to occur before failure of any available material), 
and that the deflections are small compared to the thickness. 
With these assumptions, the differential equations of equilibrium 
are derived in the following form: 


SIDI tice Ss NR RRS a ea 
ee i ay Si 
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d ow o3w 
-V = —(2 — 
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2 ox Ox Os? 
oO? oO? 
where V2 = — + —, zw and s are axial and circumferential 
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coordinates, and u, v, and w are axial, circumferential, and 
radial components of displacement, respectively. These equa- 
tions are much simpler than those usually given, chiefly because 
many of the items commonly taken into consideration are of 
negligible importance for this and many other cases, as is shown 
in the complete paper. 

The solution obtained is an exact solution of these equations 
of equilibrium and of complete boundary conditions, for the two 
extreme cases when the length-diameter ratio is zero and infinite 
and is a good approximation for intermediate cases. 
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_ Influence of Lashing and Centrifugal Force 
on Turbine-Blade Stresses 


By R. P. KROON,! SOUTH PHILADELPHIA, PA. 


‘ This paper gives a stress analysis for rotating segments 
’ of lashed blades under a given load. By using difference 
calculus, results were obtained, which apply to any blade 
out of any number of blades. 


WING to steam forces and to cen- 
trifugal force, the turbine blades 
are often highly stressed; more- 

over, they may be subject to vibration. 
In order to relieve these blades, it has 
become customary to connect them in 
groups with lashing wires, shrouding strips, 
or similar reinforcements. These con- 
structions stiffen the blades, and also pro- 
vide damping in case of vibration. 

This paper is intended as a first attempt 
to investigate the behavior of such rotat- 
ing groups of lashed blades. 

The steam load and the centrifugal force on the blades may be 
assumed to be known, but the magnitude of the vibration stresses 
(which can be predominant) depends on the impulses and the 
damping and can be determined only by tests. 

We will limit ourselves here by assuming definite forces, 
equal on all the blades of the group. It will be shown that the 
effect of these forces is not at all equal on the individual blades 
of the segment; the stresses vary in a characteristic oscillating 
manner. 

The difference calculus,? which was developed to study groups 
of similar objects and which has proved to be extremely useful 
in dealing with civil-engineering problems such as bars on many 
supports, built-up beams, bridges, platforms on columns, etc., 
can also be successfully applied to the case of lashed blades. 

Before going into detail analysis, it might be worth while to 
give a summarized physical description of the results obtained 
in this paper. For simplicity we have taken blades of constant 
cross-section connected with one lashing wire at the tip. Fur- 
thermore, we assumed the load and the wire to be in the same 
plane as the maximum axis of inertia of cross-section of the 
blades. Without any mathematics, it can immediately be seen 
that the load, which is equally divided over all the blades of the 
group, will not impose the same stresses on all the blades; the 
two end blades are only supported by the lashing wire on one 
side of the blades; all the other blades are supported on both 
sides. 


1 Experimental Engineer, Westinghouse Elec. & Mfg. Co. Jun. 
A.S.M.E. Mr. Kroon received his technical education at the Poly- 
technicum of Ziirich, Switzerland, from which he was graduated in 
1929. In 1931, he became connected with the Westinghouse com- 
pany, went through the design school for mechanical engineers, and 
has since been in the experimental division of the South Philadelphia 
Works under Mr. Ormondroyd. Working mainly on problems in 
dynamics and stress analysis, he is studying the behavior of turbine 
blades theoretically and experimentally. 

2 See Bleich-Melan, ‘‘Die Gewdhnlichen und partiellen Differen- 
zengleichungen der Baustatik,’’ Springer, Berlin, 1927. 

Contributed by the Applied Mechanics Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Tus Amprican Society oF MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Assume, for example, a very flexible lashing wire. Then the 
deflection of all the blades, and especially the angle of rotation 
at the tip, will be practically the same for all blades. There- 
fore the stresses in the wire will be the same in all the sections. 
This, however, means that the bending moment at the tip of the 
end blades is only half as great as the moment at the tip of all 
the other blades. 

The opposite effect enters for an extremely thick wire. Here 
the angle of rotation at all the blade tips must necessarily be 
zero, the bending moments at the tips of all blades are equal, 
but the lashing wire is much more stressed just beside the end 
blades than in any other place. 

Using difference calculus, it is possible to find the deflection 
and the bending moments for any blade out of a group of any 
number of blades of any dimensions. 

Results for a segment of six blades under stationary lateral 
load are shown in Figs. 6, 7, and 18a. The bending moments 
are plotted as a function of a dimensionless quantity A. In this 
way these curves obtain universal value for all the dimensions 
of blade and wire which we might wish to choose (for notation 
see list at end of paper). In order to find the value of any bend- 
ing moment shown in these figures, it is necessary to multiply 
the numerical value, given on the ordinate axis, with I»Hsgo/I. 
As yo is the angle of rotation which would exist at the blade tip 
for the same loading without lashing wire, I»Hugo/l can be looked 
upon as a “fundamental bending moment.” 

The maximum stress reduction which can be achieved by a 
single lashing wire is 33.3 per cent for uniformly distributed 
load and 50 per cent for a load concentrated at the tip. 

The centrifugal force, apart from producing tensile stresses in the 
blades, plays an important role in reducing the bending stresses 
set up by the steam load as it tends to bend the blades back in 
their neutral position. A differential equation can be derived 
for the general case of blades with variable cross-section. Cor- 
rection factors, taking into account the effect of the centrifugal 
force on single blades with various kinds of loading, may be found 
in Figs. 9, 10, and 11. They are given in function of k, which is 
a dimensionless parameter, proportional with the centrifugal 
force (see list of notations). The effect of the centrifugal force 
on bending stresses in long tapered low-pressure blades is enor- 
mous; it was found that a bending moment 1, applied at the tip 
ofa40-in. blade, produces a bending moment of only */;. at the base. 

The effect of centrifugal force on- laterally loaded blades, 
lashed together in a segment, is shown in Figs. 12, 13, 14, and 
18b. The maximum values of the bending moments in the group 
are given. 

Another problem dealt with is the effect of the centrifugal force 
on the wire (no load on blades). The resulting forces and bend- 
ing moments are shown in Figs. 15, 16, 17, and 18c. These 
values can again be slightly corrected by taking into account the 
centrifugal force acting on the blades. 

The final picture of the stress distribution over a group of rotary 
blades under lateral load is obtained by superposition; a specific 
example is shown in Fig. 18d. 


1—Lasuina on Stationary Buiapes Wits LATHRAL Loap 


As a first problem, let us investigate the influence of lashing 
on a group of stationary blades with steady load. 
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(a) Segment of Three Blades; No Centrifugal Force. As the 
most elementary interesting case take a group of three blades, 
equally loaded by lateral forces. At the point of intersection 
of blade and lashing wire we will assume all possible moments 
and forces (Figs. 1 and 2). 

Using the notation listed at the end of this paper, we have for 
symmetry reasons: 


Yi = $3) My, = Ms, M," = M3’, M,” = M,’, 
Sy = Sa, T, — — hh T. == 0 


yLashing Wire 


Fie. 2 Reaction Forces on Loapep SEGMENT 


Furthermore, equilibrium conditions give: 
M,” = MM, M;' = M;, M,' + M,” = M, 
Si +S. +8; = 0 —T,t* = M, + (M,/2) 


This simplifies the picture of the reaction forces on the lashing 
wire to what is shown in Fig. 3. 

The deformations can now be expressed as functions of the 
moments and forces. Tension, compression, and shear deforma- 
tions are neglected. Using simple beam formulas, we have 
for the lashing wire: 


—M,t*? M.t*? A 
61.E. 61.Hs Da ates AES Giese ag [ ] 
Suit net 
123/,H, 31.E. =SUUOrts: clistels eeterplnsnce [ ] 


3 See Timoshenko and Lessells, ‘‘Applied Elasticity,” p. 74. 
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The angle of deflection which would exist at the blade tip for the 
same loading without a lashing wire will be designated as ¢go. 
Then, for the lashed group: 


! 
8 
o 

| 
8 
= 


1 
(M, + S,l/2) TEs ~ 


2 
(M, — Syl) TEs = 0) —Go.is ae oe eee [4] 


As the elongation of the lashing wire may be neglected compared 
with the deformations caused by bending, the tip deflection of 
each blade has to be the same: 


M, St M, 


The Equations [1], [2], [3], [4], and [5] are sufficient to de- 
termine the quantities M,, M2, S,, g1, and go. 


t*°[,E 
Putting \ = STAT we find: 
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The factor I:Hs¢go/l is a bending moment, depending on the 
distribution of the load and on the length of the blade only. 
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Fie. 3 Group or THree Buapes; REACTIONS ON LASHING 

The d is a dimensionless quantity, inherent with this problem. 
It takes into account the ratio of the flexibilities of blade and 
wire. By plotting the curves for moments, forces, tip angles, 
etc., as a function of \, these curves obtain universal value for 
all the dimensions of blade and wire we might wish to choose. \ = 
0 means a 100 per cent stiff wire; \ = © represents an infinitely 
thin wire. 

The stress distribution along the lashing wire does not depend 
on the way in which the blades are loaded (all quantities contain 
0). 

As Fig. 4 shows, the bending moment at the tip has for an in- 
finitely stiff wire the same value for inner and outer blades; with 
a very thin wire the inner blade tip carries twice the stress of the 
outer ones. A 100 per cent stiff lashing wire gives at the outer 
blades a lashing-wire stress twice as high as at the inner blades. 
Decreasing the wire diameter within the practical range (up to 
d = 23.4) increases the bending stress in the wire. 

As can be seen from this simple example, there are for a group 
of three blades already 13 quantities involved—namely, two 
bending moments, two forces, and one angle at the tip of the mid- 
dle blade, and one bending moment, two forces, and one angle 
at the tip of each end blade. By using conditions of symmetry 
and equilibrium, these 13 quantities could be reduced to 5, but 
still it is obvious that to analyze in this way a group of six or 
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more blades with 28 or more variables is a somewhat burden- 
some task. 
It is for work of this kind that the difference calculus has 
. proved to be very effective. In contrast to differential calculus 
- it studies the changes of functions for finite constant increments 
of the variables. Applied to our case, it makes it possible to ob- 
tain stresses and deflections for any blade out of a group of any 
number of blades. 
(b) Any Number of Blades; No Centrifugal Force. Suppose 
we have n blades and consider the i blade and its neighbors 
(Fig. 5). Again using simple beam formulas, we find for the 
deformation of the lashing wire between the i and the (¢ + 1)™ 
blade: 
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Also, between the i‘* and the (¢ — 1)" blade: 
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Fia. 4. Benpina Moments AND SHEARING Forcrs ON A SEGMENT 
oF THREE BuapEs; LATERAL Loap ONLY 


The tip deflection of all blades is the same, and we can write: 
Silé Mil? 

Sai (eeepc seks c1e:> = (5’] 
3loHy  21vH 


where C is a constant yet to be determined. 
The tip angle of blade number 7 is then: 
Mi SP 8 
IvE» 


Mil 
AlvEy 


gi = 0 = (les 


QsEo 2, 


For equilibrium of the connecting point of blade and wire we 
have the condition: 


—M;'— Mi" + Mi = 
This set of equations leads to: 
pi-1 + (4 + 2)oi + git 1 = AQe0— 3C)..... (6] 


t**-IoHo 
UlHs 


where } is again 


Equation [6] establishes a relation between the values of the 
function y at adjacent points with definite intervals; such a 
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relation is called a ‘‘difference equation.” There are many types 
of these equations, and for some of these the solutions are known. 
Equation [6] is a “linear” difference equation, and the solution 
can be proved to be: 


; B (2go — 8C) 
i = AB = Ae ee OIA OTC ( 
r p° + a + ey [6’] 
where 8 = —(A +2) + V(X? + 44+ 3) = small negative 


number. A and B are constants which have yet to be found. 
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Fig. 5 THREE BLADES OF A LARGER GROUP 


For symmetry reasons: gi = ¢n+1- i, 80 that [6’] becomes: 


; F (20 — 8C) 
oS A(pB* nmtey—t 
e (6° + B ) ar Gi on 
The constants A and C are determined by the end condition 
M/ = 0 » (2+ 2d)e. + 2 = A(2e0— 8C) 


(compare [4’] and [6]), and by the condition of equilibrium for 
the wire: 


t=n 
) S; = 0, which, in view of [5’] and [3’], can also be written: 
i=1 
t=n 
> (2C — w+ ¢i) =0 
i=1 


Thus, after neglecting high powers of 6 we finally arrive at 
the formulas: 
Tip angle of deflection: 


Se) 


5 ea D(a nt 
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Tip bending moment: 


4TvHogo : . 2+2.4+ 86 
iis = =| — Chey oe eran het’ 
a ee 


Bending moment in wire left of blade: 


2IvE. E ; : - 
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Bending moment in wire right of blade: 


Me On aot apes 
rDI 
+ 2 + 2d + 8B) 
Lateral force on tip: 
6lrELvgo ese ee 2 ) 
_ = Mee (ga 4. gee — 
Bending moment at root: 
21H ogo : P 
AE ame + $—] n—t 
tt + 2 6 ) 
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Fig. 6 Brenpine¥Moments AND Forces ON A SEGMENT OF SIx 
Buaves; Larerau Loap ONLy 


Fie. 7 Root Benping Moments ror a Group or Six Buapzs 
Unper UniIForMiy Distrisputep Loap 


For notation see list at the end of this paper. 

Calculations were made for a segment of six blades, and the 
results are shown in Figs. 6 and 7. 

As may be concluded from the curves, the highest stress in the 
lashing wire is just beside the first and the last blade. 

The second and the fifth blades have the greatest bending 
moment at the tip as well as at the root. 

The weaker the lashing wire, the more variation between the 
values of the bending moments on the blades; the stronger the 
wire, the more difference between the values of the stresses in the 
wire sections. At the end blades the lashing wire and the blade 
tip carry the same bending moment. The bending stress at the 
root of the blade is for uniformly distributed load at least two 
times as high as the stress at the blade tip. 

The maximum stress reduction which can be achieved by in- 
troducing a single lashing wire is 33.3 per cent for uniformly dis- 
tributed load, and 50 per cent for a single force at each blade 
tip. 


It was found that although the stresses in the individual blades 
vary a great deal, the deflections are almost identical for all the 
blades of the group. This suggested that under vibration the 
stress distribution around the lashing wire would be almost the 
same as under steady load. 

E. Schwerin‘ studied the vibration of single lashed blades. 
A comparison between his calculations and these shows that the 
stress distribution during vibration (first mode) can be simulated 
by steady load so closely that the difference is only about 1 per 
cent. This is of great value for experimental work (Table 1). 


TABLE 1 COMPARISON BETWEEN THE STRESSES SET UP 
DURING VIBRATION AND THOSE PRODUCED BY STEADY LOAD 


(The table gives ratios between individual values and value for center 
blades X = 0.4. n = total number of blades = 2! « = number of in- 
dividual blade) 


M M M’ M’ i? M” 
i vibrating steady vibrating steady vibrating steady 
1 0.852 0.845 0 0 1.704 1.690 
2 1.033 1.034 12215) 1.218 0.844 0.850 
3 0.994 0.993 0.952 0.952 1.035 1.033 
4 1.002 1.002 1.010 1.013 0.994 0.991 
5 0.999 0.999 0.997 0.997 1.002 1.002 
6-10 1 1 1 1 1 


2—Tue INFLUENCE OF CENTRIFUGAL ForcE ON BLADES WITH 
LATERAL Loap 


The centrifugal force reduces the deflection and the bending 
stress of radial beams with lateral load. Consider the case where 
a blade of variable cross-section but not “twisted” (the unbent 
axis of the blade being a radial line), is loaded by all kinds of 
bending forces, which are supposed to act in one of the princi- 
pal planes of cross-section. When ¢ is the variable distance from 
the tip, we may have bending moments Mz, lateral forces Sz, 
distributed load gz, and centrifugal load pe (per unit length). 
At a distance z from the tip, the variable moment of inertia will 
be called J, and the deflection yz (Fig. 8). The direction of the 
centrifugal force is taken parallel to the axis of the blade. 

Assuming the simple beam theory to be correct, the bending 
moment at « will be: 


dy eee Sis 
LEe eee aie ge (x — &)dt — a pe(ye — yx) dé 
gé=2 
a > {ite + Se—a } 
t=0 


Differentiating with respect to z, we get: 
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which is nothing else than the expression for the shearing force 
at z, consisting of a part 


g=-2 


gé= 2 
a= f qedé + ; Sz 
&é=0 


ci=40 


due to lateral load and a component 


€= <2 


dyz 2 
dye Ws 


edt 


4 Zeitschrift far Technische Physik, no. 8, 1927. 
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from the centrifugal force. We write: 
dM os d®yz d*yz dz dyz 
dn = 1Ey 7 + ers ae =Q.+ Pz ape (7] 
_ dys . 
or putting — = », this becomes: 
dz 
pial Bay siesdy 3 7 
ae Se + eR 5 Coro DetOO. 9 if a] 
while 
M =1:Eo dy Fb OU OU SOOO CORD OT [7b] 
dx 


Numerical and graphical methods exist for the solution of these 
simultaneous equations. As they are linear, it follows that the 
principle of superposition may be applied; during rotation the 
stresses (deflections) caused by several lateral forces can be found 
by considering each force alone and superimposing the obtained 
stresses (deflections). 

Application to Constant Section Blades. In this case I; = 
Iy = constant, and pz will also be taken as a constant p. We 
will furthermore restrict ourselves to a uniformly distributed 
load q per unit length, a shearing force S, and a bending moment 


| 


Fic. 8 INFLUENCE OF CENTRIFUGAL Forcr ON BLADE 


M. Sand M are acting at the blade tip. We have, then, for 
Equation [7]: 


d®yx : dy . 
Tv Eo dx SOP tay et Be A Ee hae, ee (7"] 
dy 
or when we call g + p Ses 
dx 
ToHy du e 3 
D dx? = Ur + rks ere ce ihiaigelis (7 ] 


. Toe ; ete 5 
Defining —— = a’ and introducing - = z, this reduces to 
Dp a 


du S 8 
eae ue + fae Fe oe (8] 

The exact solution of [8] leads to a cylinder function of the 
1/,; order, but by means of a power series the equation can be 
easily solved. This is carried out in the Appendix. 

As a result, ratios between the bending stress (deflection) dur- 
ing rotation and, the stress (deflection) when standing still have 
been established. Fig. 9 shows these ratios for a distributed 
load, Fig. 10 shows curves for a bending moment at the tip, and 
Fig. 11 gives curves for a shearing force at the tip. 

The ratios are plotted as function of a dimensionless variable 


3 
— ee and are universal for all blade dimensions. 
TE» 


In practise, values of k up to 3 and higher are common, and 
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Fic. 9 Correction Factors, Takine Into Account THE EFFECT 
or CENTRIFUGAL ForcE ON A BuapE Wits UNIFoRMLY DISTRIBUTED 
Loap 
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Fic. 10 Correction Facrors, Takine Into ACCOUNT THE EFFECT 
or CENTRIFUGAL Force on A BLADE WiTH A BENDING MomMENT AT 
THE TIP 


p- for Tip Angles 
o - for lip Deflections 
7 - for Root Bending Stresses 


0.6 


—_—- & 


Fig. 11 Correction Factors, Taxine Into AccoUNT THE EFFECT 
or CENTRIFUGAL Forcr ON A Buape Wits A LATERAL ForcrE AT THB 
Tie 


the reduction in bending stress may amount to 25 per cent or 
more for ordinary constant section blades. 


3--Lasuep Buapes Unppr Brnpine Loan; CENTRIFUGAL 


Force on BuapEs ONLY 


Under Section 1 the influence of lashing on stationary blades 
was investigated, and under Section 2 we developed correction 
factors taking into account the effect of centrifugal force on blades 
with various kinds of leading. With these preliminaries, it is 
possible to compute stresses and deflections of centrifugally and 
laterally loaded lashed blades. Calculations were made for a 
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Fig. 12 Greatest VALUE OF THE BENDING MoMENT IN THE LasH- 

ING Wirn FOR DIFfFHRENT VALUES OF THE CENTRIFUGAL ForcE 

(AcTING ON THE BLADE ONLY) 
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Fie. 13 Maximum VALUs oF THE BenpING MoMENT aT THE BLADE 
Tip FOR SEVERAL VALUES OF THE CENTRIFUGAL Forcr (ACTING ON 
THE BuapEs ONLY) 


——- Ar 


Fie. 14 Greatest VALUE oF THE BENDING MoMENT AT THE 
Root For DirFpRENT VALUES OF THE CENTRIFUGAL Forcr (AcTING 
ON THE BLADE ONLY); UntrormMiy Distrisutep Stam Loap 


segment of six blades, and the maximum bending moment in 
blades and wire was plotted as a function of the “ratio of flexi- 
bility” \ (Figs. 12, 18, and 14). This was done for different 
values of the factor k, which is directly proportional to the 
centrifugal force. 


4—CentrirugAL Force Actina oN THE WIRE ONLY; THE 
Buapes Arg Nor LoapEp 


The case can again be worked out by difference calculus, and 
the results apply to any particular blade out of a segment of any 
number of blades. We have the difference equation: 
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gi-1 + (4+ 2r\)¢ + gi+1 = 0 


Observing boundary conditions and neglecting high powers of 
B leads to: 


— ptt* C— gb” -t +1) 
(1) te hae peers Sea Ee Se ST 


241 Est 1 + 26 
{Dug , ay ME M: 
——— ¢ an —t Met = — 
MOT? ScRRraa\ty ate © bitte 2 
Phy aia af — oe ee) 
Meg (: 1 + 28 
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ee ee 1 4°26 
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Put on BuapgEs BY CENTRIFUGAL ForcE ON WIRD 


Fie. 16 Brnpine Moments on Buapgs Ties Dun To CENTRIFUGAL 
Forcp on LAsHING WIRE 
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Fic.17 Brnpine Moments In LASHING W1RrB Dun TO CENTRIFUGAL 
Forcrn on WIRE 
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Fig. 18 Brenpinc MoMENTS FOR BLADES AND WIRE 


(a, lateral load only; }, lateral load and centrifugal force on blades; c, centrifugal force on blades and wire; 4d, lateral load on blades, centrifugal 
force on blades and wire. Scale for moments on blades = 5 X scale for moments on wire.) 


2 tele Wie alpha 
7 == Ils = :-T= *{* = 
att Gs (34 40 + 28) ) 


These values are plotted again as a function of for a group of 
six blades (Figs. 15, 16, and 17). The bending stresses set up 
in the wire by centrifugal force are considerable for high speeds 
and large blade pitch. 


5—CENTRIFUGAL Force oN LasHinc Wire aNnD Braves; No 
LaTERAL LOAD ON BLADES 


In Section 4 we gave results obtained for centrifugal force 
acting on the lashing wire only. It can be shown that the 
influence of centrifugal force on the blade can easily be taken into 


account by replacing \ by \* = a where yp, p, and o 
4u — — 
o 
are correcting factors shown in Figs. 10 and 11. The value of 
8 in the expressions corresponds now also to \* and not to X. 
With these modifications, the formulas developed in Section 4 
may readily be used except for the bending moment M,* at the 
root, which is now: 


uate, (— 2422) 
= 20 


6—FINAL DISTRIBUTION 


Actually, blades and lashing wire are subject to centrifugal 
forces and there is a steam load on the blade. 

To give a complete picture of the distribution of the bending 
stresses, we have to superimpose the cases of Sections 3 and 5. 


Fie. 19 Mxasurine DreriEecTION AND Tip ANGLES 
(Curvature instrument also shown.) 
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An example was worked out with the values: 


Ego 


I : 
A = 1.84 k = 10 = 20 lb-in. = 50 lb-in. 


Fig. 18 illustrates the distribution of the bending moments 
along wire and blades for the following cases: 


Fie. 20 Curvature INnstRuMENT ATTACHED TO Trust Pimce 


Fie. 21 


Curvaturs InstRuMpNT Wits Ciamp 


(a) Blades under uniformly distributed load. No centrifu- 
gal force 

(6) Blades under lateral load. Centrifugal force on blades 
only 

(c) Centrifugal force on blades and wire. No lateral load 

(d) Actual case: a blade group under steam load and 
centrifugal forcé. This figure is obtained by a super- 
position of (b) and (c). 


Fie.22 Mope. or BLADE SEGMENT WITH PERMANENT SET 


Fie. 23. Mnasurtna ANGies of Derinction Wita TeLEscorn 
AND Stresses WiTH CurvaTuRE INSTRUMENT 


(The load is read on the scale.) 


) 


_ putations with model tests. 
' shown in Fig. 19. There was used a group of steel strips welded 
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Mopeu TEsts 


The necessity was felt to check these purely theoretical com- 
A photograph of the set-up is 


on a massive block. Two sizes of lashing wire were tested. The 
load was applied by pulling the wire; this gives the same force 
at the tip of each blade (considering bending deformations only). 
The test data checked nicely with the theoretical values, the 
maximum discrepancy being 7 per cent for the stresses and 5 per 
cent for the deflection at the lashing wire. 

On model tests of this size there is often no room for standard 
tensometers. A small simple instrument, based on measuring the 
change in curvature, has rendered very good services in our case 
and may be worth while to be described (Figs. 20 and 21). 
Three steel balls are fitted into a small triangular plate and 
pressed against the test specimen (in our case an ordinary steel 
strip). Rigidly connected to the plate is a dial indicator provided 
with a small ball which rests against the specimen. The indica- 
tor follows every change in curvature of the strip, and the 
readings on the dial are directly proportional to the bending 
stress. 

Two conical points are used to fix the location of the instru- 
ment. For tests which require only a short time, the triangular 
plate can be pressed by hand against the test piece; otherwise 
a clamping arrangement, like the one shown in Figs. 20 and 21, 
can be used. The clamp must have a flexible part, as it may not 
have a stiffening effect on the specimen. For this purpose 
we used a small rubber gasket. 

Fig. 22 shows a model where permanent set is produced by 
pulling in the direction of the lashing wire. It is interesting to 
note how the end blades deflect differently from the others. 
Yielding is (according to the theory) produced in the wire next 
to the end blades, but practically not next to the middle blades. 
The middle blades have yielded at the tip, where the end blades 
remain straight. 

Fig. 23 shows a more elaborate set-up used to measure stresses 
and deflections in a blade segment. The block with the strips 
is clamped against a vertical plate, and the load is applied at the 
lashing wire by adjusting a screw, which varies the distance 
between the lashing wire and the platform of a scale. The load 
is read directly on the scale. The angles of deflection are mea- 
sured by a telescopic arrangement, a small mirror being fixed on 
the blades. 
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Appendix 


THE INFLUENCE OF CENTRIFUGAL FORCE ON SINGLE 
BLADES WITH UNIFORMLY DISTRIBUTED LOAD gq, TIP 
MOMENT M, AND TIP FORCE S 

In the text we derived for constant section blades: 


du S 
re: A (8] 


dyz 


whereu = @ + oir 


We put: 


foo} ao ao 
u= So Aieti 4. So Baztk + at Soenztn 2 
i=0 k=0 n=0 


Ai 
@i + 2)(3¢ + 3) 


where necessarily 


Equation [8] is satisfied when: Ait = 


Crt 


B Bk Cn 
k= GE +4 3)k + 4)’ Gn + 4 Gn + 5)’ 


8 
O= 5 
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Thus we find, observing boundary conditions: 
wn do {tt eS5 + spare texexexexexs 3 
+ fet goat peed TERT ROTRT XOX 


+e {a+ at 


2a 4x65 us 


2 gil 
4X5X7X8 Rae 


At the blade root (2 = 1) the pele of rotation dyx/dz 1s zero, thus u = 
2 3 


13 
= A ns \ : Se ya eis 
itive g tae xe ce 7 Ok a Mi ieme 
directly proportional to the centrifugal force. 
q 


(1) Considering a uniformly distributed load q alone (M = 0,8 = 0) 
q 


This determines Ao 


k ke 
1+ax3tax3sxK5X6 
28 26 
o{1 + sea t+ oxaxexa} dyz 
so thatu = SUL GS 1 Se 
ime k ap ke dz 
3H Ml Se poe ns 


Expressions can now be derived for the deflection, the angle of rotation, and 
the bending moment at any point =. We are particularly interested in the 
maximum deflection y and angle dyz/dzx (at the tip) and the maximum bend- 
ing moment IpH1(d*yz/dx?) (at the root). We find: 


Maximum deflection y = 


4k 4k? 
ql4 (+ pct eco xx) 


8IoEb k 
CG y.a° 
a MS 
8IvEb 
Maximum angle of rotation y’ = 
k ke 
—dql3 (a Teepe mo) 


61 ob k k2 
Shoo) 


k2 
sxx) 


Maximum bending moment I»E by” = 
k ke 
eG tact exexexi::') 
Dy k 
G + 5X8 
_ a 
= 45 


2 
+ sxcaexe) 


tka A 
Noting that for stationary blades and the same load aE is the maximum 


3 12. , : 
deflection yo, — to, is the tip angle yo’, and = is the maximum bending 
moment [bE syo”, we can write: 

y = dyo, y’ = eyo’, IvE wy” = yIvE bye” 


where 6, «, and y are correction factors taking into account the effect of 
centrifugal force. These factors are functions of & only (Fig. 9). 

(2) Considering a bending moment M (on the tip) alone. ’ 

In a similar way as was done for uniformly distributed load, correction 
factors can be found which take into account the influence of the centrifugal 
force. 

We may write: 
For tip deflections: 
For tip angles: y’ 
For root bending moments: 
force) 


y = pyo (yo = without centrifugal force) 
= pyo’ (yo. = without centrifugal force) 
ToB oy” = wl bE byo” (Ive byo” without centrifugal 


Ra Nes MT 


where p = 


p, #, » are plotted as a function of & in Fig. 10. 
(8) Considering the lateral force S on the tip alone. 
Again we introduce correction factors for the centrifugal force: 


Tip deflections: y = gyo 
Tip angles: y’ = pyo’ 


Root bending moments: IsHoy” = 71 bE byo” 


k 13k? 
4X6 SGA pi Ob aS ae 


kz 
Sng 3+ aKBK5xX6 


er 


where ¢ = 


|| Sa 
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k ke 


Lb Paxs axe ox Sis 

A ie k he 
+ax3 T xd xB Ke 
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re 29 ke 
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Curves for c, p, and 7 are shown in Fig. 11. 
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LIST OF NOTATIONS 


length of blade (in.) 

variable distance from tip (in.) 

pitch on lashing wire diameter (in.) 

length of lashing wire between two blades (in.) 
minimum moment of inertia of blade (in.4) 

modulus of elasticity of blade material (Ib per sq in.) 
moment of inertia of lashing wire (in.‘) 

modulus of elasticity of lashing material (lb per sq in.) 
t*27 Hb 
tlIsEs 
—(A + 2) + VQ? + 4d + 3) 
number of blades 


= ratio of flexibility 


2r2 26 24 12 x 6 
pepe oe On toe pete St 
q = distributed lateral load on blade (lb per in.) 
a = centrifugal load per unit length on blade (Ib per in.) 


centrifugal load per unit length on wire (lb per in.) 
or (Mi, M2, Mi) = bending. monient (1st, 2d. “ith, blade) (lb-in.) on 
ade tip 
M’, (M1', M2’, Mi’) = bending moment in lashing wire for a cross-section 
just to the left of the Ist, 2d, ith blade (Ib-in.) 


M”" (M.", M2”, Mi”) = bending moment in lashing wire for @ cross-section 
wt, fe the right of the Ist, 2d, ith blade 
-in. 
M* (Mi*, M2*, Mi*) = pending moment at blade root (1st, 2d, 7th blade 
(lb-in. 
S (S81, Se, Si) lateral shearing force at tip (lb) 


vertical force on tip (lb 

¢e (¢1, 92, vi) angle of deflection at tip (radians) 

y lateral deflection (in.) 

0 angle of deflection at tip without lashing wire 


1, Z'2, Ti) 


nyu 


3 
(= ar a for uniformly distributed load) 
Mo* = bending moment at root without lashing wire 
(b-in. 
IvEb x 1s _pls 
Cee eet ae = 
“ Dp : a8 ~ Tek 


OT 


—— mya 


wt 
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The Effect of Openings in Pressure Vessels 


By J. HALL TAYLOR, CHICAGO, ILL., ano EVERETT O. WATERS,? NEW HAVEN, CONN. 


Openings in pressure vessels, either reinforced or unre- 
inforced, have presented to the engineering profession a 
difficult problem, and outside of a few isolated tests there 
appears to be little information available to the designing 
engineer. The authors set out in June, 1930, to establish 
by tests the stress relations existing about unreinforced 
holes, and in addition to determine the reinforcing effect 
of nozzles and other outlets of the type generally used for 
attachments to pressure vessels, and to make this informa- 
tion available to the engineering profession. Three com- 
mercial-sized pressure vessels were constructed, and read- 
ings were obtained on ten unreinforced openings and on 


T IS common knowledge that, when 

metal is removed from the walls of 

pressure vessels in order to provide 
structural connections, passages for the 
flow of fluids, or access to the interior, an 
inevitable weakening results. If the hole 
is small—say, of the order of a rivet diame- 
ter in size—it has been standard prac- 
tice either to neglect this effect altogether, 
if the hole is isolated, or if it is one of a 
series, as in a riveted seam, to take ac- 
count of it by reducing the nominal 
strength of the vessel in proportion to 
the area of the metal removed, as mea- 
sured on a critical cross-section. For larger openings, the prac- 
tise has been to fasten a reinforcing pad to the vessel at the 
point where it is weakened, whose cross-sectional area, in the 
simplest cases, is made equal to that of the metal removed.® 
For other cases, rules have been formulated and accepted with 
more or less unanimity by the trade, based partly on experience 
and partly on a simple, easily intelligible analysis of the supposed 
conditions of critical stress that exist in the neighborhood of the 


E. O. WATERS 


1 President of Taylor Forge and Pipe Works. Mem. A.S.M.E. 
J. Hall Taylor studied engineering at Lewis Institute, Chicago. In 
1900, he organized the American Spiral Pipe Works. He later de- 
signed and developed various types of seamless forged-steel nozzles, 
manways, and welding necks for pressure vessels. In 1925 to 1927, 
his research work on stresses in forged-steel flanges led to the develop- 
ment of the Taylor-Waters formula for stresses in pipe flanges. He 
has devoted the last 33 years to handling the engineering and de- 
velopment work of his firm. 

2 Associate Professor of Mechanical Engineering, Yale Uni- 
versity. Assoc-Mem. A.S.M.E. Everett O. Waters was graduated 
from Yale University in 1914 with the degree of M.E., since which 
time he has been teaching machine design and related subjects at that 
institution. During the war, he was engaged in the organization and 
maintenance of repair shops for ordnance material for the American 
Expeditionary Forces, being employed at first in the field and later in 
the office of the Chief Ordnance Officer. For the last eight years, he 
has collaborated with J. Hall Taylor in the investigation of the 
strength of pipe flanges and nozzles, in the course of which he de- 
veloped formulas for the design of rings and flanges on a strength 
basis. r 
3 B.g., reinforcement of manholes, A.S.M.E. Boiler Construction 
Code, 1930 ed., par. P-260. (References throughout the paper are 
to the original 1930 edition of the Code.) 

Contributed by the Applied Mechanics Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Tur AmMpRICAN Socinty OF MEcHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


fourteen openings with nozzles attached. There are many 
local conditions that have a great effect on results. The 
tests as a whole indicate (1) the necessity of reinforcing all 
holes above a minimum diameter, because the stress con- 
centration becomes much higher than that due to a hole 
in a stretched flat plate as the diameter increases; (2) the 
desirability of attaching the reinforcement as near the 
edge of the hole as practicable, on account of the local 
character of the stress concentration; (3) the danger of 
excessive stiffening when heavy, large-diameter reinforcing 
pads or saddles are used. A few numerical examples are 
given to illustrate the principles outlined. 


opening involved. The work of the Boiler 
Code Committee of The American Society 
of Mechanical Engineers, as represented 
by its publications and. supplementary 
rulings on special questions, has un- 
doubtedly crystallized the best thought in 
this field, and serves as an extremely relia- 
ble guide for designers and users of pres- 
sure vessels of all types. 

Recently, however, designers of this 
type of equipment have felt the need of 
more accurate knowledge of the exact 
state of stress occurring in the neighbor- 
hood of openings, and have raised the 
question as to whether reinforcements, proportioned according 
to the best current practise and complying with all the rules, 
actually produce the effect that they are supposed to. Further- 
more, new methods of making connections to pressure tanks, with 
new designs ‘of nozzles, have involved the matter of reinforce- 
ment in a way that was perhaps not contemplated when the exist- 
ing rules were adopted. Believing that a better understanding of 
this whole subject could best be gained by a thoroughgoing series 
of tests on full-scale apparatus, assembled as it would be in actual 
service, the authors undertook the program that will presently 
be outlined, and are pleased to present the results which they 
obtained, with their own conclusions deduced therefrom. 


J. Haut TAyLor 


1— PurposE AND Scorn or TEsts; ProposED METHOD OF 
PROCEDURE 


The purpose of the tests, in short, was to measure the stresses 
in pressure vessels in the neighborhood of openings, both rein- 
forced and unreinforced. In order to cover as wide a range of 
conditions as practicable, three different vessels were used, of 
different shell and head thicknesses; holes were cut in both 
shell and head; five types of nozzles were used as reinforcement; 
and attachment of the latter was made both by riveting and weld- 
ing. Thus it was possible to deal with the effect of the following 
variables, over the ranges indicated: 


Variable 
Fluid pressure......---+ss-+se0: 
Shell thickness......-+-+++++ee8+ 
Head thickness.........+++++++++ 
Diameter of opening cut.......-- 
Nominal size of reinforcing nozzle 
Nozzle type..----++-seeeerereee 


Range 

Zero to 1200 lb per sq in. 

3/4, 1, 11/4 in. 

7/s, 11/s, 13/s in. 

61/2, 65/s, 7, 8, 81/s, 9, 101/2, 11, 13 in. 

3, 6, 8, 10 in. 

Sweep, straight neck, welding neck, 
thin-wall neck, welding nozzle 

Single row of rivets, double row of 
rivets, fillet weld, stud weld 


Nozzle attachment......-.-+++++ 


The range of pressure was subject to the condition that, for any 
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given test, the elastic limit of the material in the region of the 
test should not be exceeded. In some instances, stress concen- 
trations were encountered of such magnitude that the fluid pres- 
sure had to be limited to 300 lb per sq in. 

It was proposed to determine stresses by means of strain-gage 
readings taken at definite stations on the outer surface of the 
shell and reinforcing nozzles, using a commercial gage reading 
elongations in ten-thousandths of an inch per inch over a 2-in. 
gage length. By taking readings along mutually perpendicular 
axes at each station, the direct stresses along these axes could be 
computed by the well-known relation for two-dimensional stress: 


_ (x + dy) E 
1— pw 


x 


(6 aie Mor) EB 
8s = Serene Hee oats iastho tee A Cio oo {1 J 


where # is the modulus of elasticity, 6; and 6, the unit elongations, 
wis Poisson’s ratio, and sz and s, are the unit stresses. 

Taking the modulus H = 29,500,000 Ib per sq in. and un = 
0.303, these formulas reduce to 


32,480,000 6. + 9,853,000 6, 


I 


Sz 


8y = 32,480,000 6, + 9,853,000 6.......... [la] 

It was realized that, when a nozzle or other reinforcement was 
fastened to an opening, the application of pressure would un- 
doubtedly cause some relative displacement of reinforcing pad 
and pressure-vessel shell; accordingly, it was planned to take 
readings both on the exposed surface of the reinforcement and, 
through small drilled holes, on the surface of the shell that would 
be covered by the reinforcement. For readings at the latter 
stations, the strain gage was provided with extension legs which 
reduced its sensitivity, but nevertheless made it possible to get 
results of some quantitative value. 

Obviously, it would be impossible to obtain a complete picture 
of the effects produced at an opening, unless the vessel were first 
tested without openings, then with unreinforced openings (closed 
off by pressure-sealed pads similar to a manhole cover), and 
finally with the openings reinforced by means of various nozzles. 
Plans were therefore made to test the solid shell, including the 
head, after which one hole was to be cut at a specified location, 
a loose patch applied from the inside, and readings taken in the 
neighborhood of the hole. Next, a nozzle would be attached to 
the hole, pressure again applied, and another series of readings 
taken. The process would then be repeated for a second, third, 
fourth, etc. hole and nozzle, until all the desired data had been 
secured for each pressure vessel. This method entailed much 
more labor than would have been required if all holes had been 
cut at one time and all nozzles attached at one time. But it had 
two decided advantages: it made it possible to detect mutual or 
reciprocal effects of adjacent holes on each other, and it left the 
way clear to a change in the size of an opening or the type of 
nozzle and means of attachment, as a result of experience with 
preceding openings and nozzles. 

In carrying out a series of tests on a structure by the methods 
just outlined, there are unquestionably many difficulties that can 
be overcome only by compromise and there are sources of error 
for which the authors may be criticized. First, a manually 
applied strain gage, removed from each station and reapplied 
between each pair of successive readings, cannot be expected to 
“repeat” with absolute fidelity. Second, tanks of the size con- 
templated, built to commercial specifications, are apt to contain 
trapped stresses when first put in service, which are more or less 


* state of stress. 
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completely ironed out during repeated applications and removals 
of pressure. This seasoning action shows up on the strain gage 
as a mixture of elastic and plastic strain, and the readings will be 
somewhat discordant if interpreted solely on the basis of elas- 
ticity. However, in view of the great quantity of readings that 
had to be taken, the authors did not consider themselves justified 
in going to more refined methods of observation and analysis, but 
felt that the simple averaging of this mass of data would of itself 
reduce the observational errors to a minimum. 

Some idea of the number of readings taken may be gathered 
from these figures: 


Number of.openings tested sa7. steer sisters oeiaie viarsie exe eeTa eR 10 
Approximate number of stations per opening................-. 25 
Number: of nozzles tested soe s.c1</disisits.a.21 craxe:slelss sss, ap uo elcluiene 14 
Approximate number of stations per nozzle................... 15 


Approximate number of readings pe Station. ach. wt-.od sie eee 
Approximate total number of readings............-..-.0-000 


This does not include tests on solid tanks, or tests run in the spring 
of 1933. 

A further check on the accuracy and reliability of observations 
is given by the readings on the solid shells. For these tests, the 
relation between the observed strains and those computed from 
the theoretical stresses is shown in Fig. 6. The degree of agree- 
ment there shown may be taken as characteristic of the entire 
series. 

Wherever riveted connections were used, a certain amount of 
slippage probably took place, in addition to the previously 
mentioned elastic displacement; with successive applications of 
pressure alternating with reductions to zero, this would affect 
the readings in the same way as elastic hysteresis, but would be 
more irregular. No attempt has been made to analyze this effect 
precisely; readings where it obviously occurred should simply be 
interpreted as having qualitative rather than quantitative value. 

Finally, readings were taken on outside surfaces only. If mem- 
brane stresses are the only ones present, this indicates the true 
But when bending is superimposed, the readings 
will indicate the sum or difference of the membrane and bending 
stresses and must be interpreted accordingly. In order to sepa- 
rate the stresses experimentally, it is necessary to get readings on 
both outer and inner surfaces. Under the circumstances, it 
was quite impossible to get direct readings on the inside of the 
tanks; indirect readings could have been obtained by straddling 
the strain gage across the tops of rigid pins secured to the outside 
of the tank at gage-length intervals, but the additional time and 
expense of this procedure were prohibitive. Possibly the authors 
may undertake an investigation of this sort at a future date, if the 
demand for more accurate data appears to warrant it. 


2—DESCRIPTION OF APPARATUS TESTED 


Tests were run during the years 1931 and 1932 and the spring 
of 1933, at the plant of the Taylor Forge and Pipe Works. Three 
cylindrical vessels were constructed, of the type shown in Fig. 1, 
each having a 2-to-1 ellipsoidal head at one end and a massive 
cover plate at the other end which could be unbolted and dropped 
down on to the inside of the shell when access was necessary for 
bucking up rivets, calk welding, etc. All shells were made of 
steel conforming to material specification 2 of the A.S.M.E. 
Boiler Code, and A.S.T.M. specification A-89-30 grade B for 
flange-quality steel for forge welding. The shells were hammer 
welded, formed and assembled, and end closure machined by the 
Taylor Forge and Pipe Works. Special attention was given to 
insure, as nearly as practicable, roundness of the shells. Heads 
were purchased from one of the principal sources of supply of 
spun heads, and were fusion welded to the shell. The major 
dimensions were as follows: 


_ face; the holes were then ground 


j\ 
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No.1 No. 2 No. 3 
Shell diameter, inside, in.........-+e+eeseeeee 42 42 42 
Overall length, approximate, ft.........+.-++. 10 8 8 
Shell thickness, in......5..-...seccceensceb's 3/, 1 l/s 
Head thickness, in.........csscccsscccverss 7/3 11/3 13/3 
Max. allowable working pressure, lb persqin.* 250 333 417 


@ Based on 35,000 lb per sq in. ultimate strength of weld, and a factor of 
safety of 5. See Pars. P-180 and P-186, A.S.M.B. Boiler Code. 

All boiler-making work in connection with the tests, such as 
riveting, laying-up nozzles, etc., was performed by the same man 
to eliminate inequalities of 
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a master against which the service gage was checked at frequent 
intervals. On account of the small holes that were drilled 


through the saddle flanges of the nozzles in order to get strain- 
gage points on the surface of the shell plate underneath, there 
was for a time some trouble from loss of pressure due to leakage. 
This was obviated by applying a special packing between nozzle 
and shell, on the inside, which provided tightness without 
strength. 


workmanship as far as possible. 
Where holes were cut in the shell 


by the oxygen process, the metal 
was removed by chipping for at 
least 1/3 in. from the fused sur- ‘ 
ESN! ERS 
smooth and to the correct di- 
ameter. 

The nozzles used for the tests 


were of regular commercial 


quality, Taylor Forge Seamless 
manufacture, with flanges and 
necks conforming to dimensions 
as specified in the maker’s cata- | 
logs. In particular, the saddle 
flange thickness was kept to a 
tolerance of +1/s2 in. and —0 
in., so as to maintain the rein- 
forcement value of the flange at 


ATTACHING 
HEAD 


8" 


6-8" 


its nominal amount, as covered 
by sec. 1, par. 260 of the 
A.S.M.E. Boiler Code. Special 
precautions were taken to insure high-grade workmanship in 
attaching nozzles. Laying-up was resorted to where neces- 
sary to insure close-fitting flanges; rivet holes were drilled and 
then reamed 1/z in. larger than rivet size; and after reaming, 
the nozzles were removed to allow complete removal of chips 
and burrs. True-tolerance hot-formed rivets were used; all 
rivets were hammer tested after driving, and unsound ones were 
cut out and replaced. 

The Berry strain gage with 2-in. center-to-center points and 
dial indicator graduated in thousandths of an inch was used in all 
the tests. In taking readings, tenths of a division were estimated. 
Gage holes at each station were first marked with a standard 2-in. 
spacer punch, and then finished with two prick punches, the first 


having an angle slightly greater and the second one an angle 


slightly less than that of the strain-gage points; this was found by 
experience to be more satisfactory than drilling. In order to 
minimize the effects of trapped stresses and possible plastic 
strains, the net extensions for any given pressure application 
were always computed as the difference between the reading at 
that pressure and the next following zero pressure, the results for 
each station being then averaged and tabulated as strain (and 
stress) per 100 lb per sq in. applied fluid pressure. The following 
excerpt from one of the work sheets illustrates the procedure: 


Pressure, lb per sq in....--+-+ereees aretstaveie 0 100 0 

w-reading, mils.........+--++-seereeceeees 165.1 166.0 165.3 

Difference, mils......---.-0eeeeeeeeeeye in are Neve 
Strain, mils per in. per 100 Ib per sq in. 

Siete ae 0.070 

138.1 138.9 138.6 

aise aes 0.3 


PIESSUTE.... ee ee eee eee tees 
Average strain 


From Equations [la], sz = 2747 lb per sq 


0.030 


in., sy = 1571 lb per sq in. 


Fie. 2 Tank No. 1 Arrer Nozzips Hap BrEN ATTACHED 


Fig. 2 shows tank No. 1 as it appeared after all nozzles had 
been attached and the tests completed. Many of the gage sta- 
tions may be seen, outlined in white circles and joined by white 
lines with their mating points. The small pipe tapped into the 
blind flange on the central nozzle is a bleeder for air trapped in 
the tank. The pressure gages were attached near the swaged 
end, and water was pumped in and drained out through a connec- 


300 0 500 700 0 800 0 
167.2 165.2 169.7 165.1 170.0 165.1 172.0 165.1 
ovate 2.0 ate 4 aoe 4.9 lake 6.9 
ee 0.067 avers 0.092 5 0.070 ets 0.086 
en nate seis S00 ign na ene 0.077 
139.1 138.2 139.2 138.1 139.7 138.3 140.0 138.3 
Sere 0.9 sue ile tats 1.4 mele aye 
0.030 0.022 0.020 0.021 
eee see Rete 0.025 


tion in the detachable head. Fig. 2 also indicates what may be 


Two bourdon-type gages were mounted directly on the pressure 


vessel under test; one was used as a service gage and the otheras called the standard arrangement of gaging stations at each open- 
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TABLE 1 SCHEDULE OF TESTS 


——Hole—— 


Serial iam, 
number Tank Letter in. Letter Type 
1014 1 as ac oo atic Gon 
1025 AD a ave! D9? Tih ar chierete 
103 A 9 ae ROO 
104 ae = A Sweep 
105 ae B Sweep 
106 E hoe SNOM aD 
107 ie E Sweep 
108 D na. evapeicihte 
109 oe D Sweep 
110 Cc 8 cise | © Wigeeteltenate 
111 ci ie Cc Str. neckA 
112 oA ae F Welding neckh 
113k . aA G Thin-wall wldg. neckh 
114 we ae F Welding necki 
tbe no he G Thin-wall wldg. necki 
116¢ ae dts Stay ia 8 Gee oo an 
201d 2 es fe So ee a ene 
202¢ os as ite |B Rtete(overege 
203 A 8 ae il, pete ee 
204 We 6 A Str. neck 
205 B stil Se We ® adage 
206 - os B Sweep 
207 Cc 9 Ses UR Mrircveyercrere 
208 nic we Cc Str. neck 
209 D 11 elaine lensterars 
210 ive és D Dbl. riv. 
211 E Sweep 
212 F Wldg. nozzle 
301/ 3 Za, © be btces ere 
3029 Side ye soot 
303 A 7 OMMN Basrich sc 
304 a A Str. neck 
305 B 13 Ble Poe 
306 ote B Dbl. riv. 
307 Cc Wldg. nozzle 
308 D Wldg. neck 


2 Head, from crown to junction with barrel, on two mutually ad tee meridians. 
with all nozzles attached subjected to 1000 Ib per sq in. 
e Shell, at 19 in., 313/sin., and 443/, in. from junction with head, at locations of holes 


on an element of the cylinder, and at one additional point. ¢ Tan 
with shell, on two mutually perpendicular meridians. 
from crown to point 9 in. j 
* With reinforcing pad, 151/2 in. O.D., 91/2 in. I.D., 3/s in. thick. 


used in tests 113 and 115 had same dimensions as extra heavy pipe. 


Fie. 4 Tank No. 2 


ing: along two mutually perpendicular lines radiating from the 
center of the opening, one being an element of the cylindrical 
surface, and extending over the saddle flanges of the nozzles and 
up the necks as far as practicable. When openings without 
nozzles were tested, readings were on these same lines, which 
then extended to the edge of the hole and were supplemented by 
readings taken around the hole with gage points set as close to the 
edge as possible. In the case of the 3-in. offset nozzle on No. 1 
head, the gage station lines were taken on a meridian of the head 
bisecting the nozzle and continuing for 7 in. along the shell, and 


eyond junction with shell, on two mutually perpendicular meridians. 
7 With reinforcing pad, 141/s in. O.D., 81/s in. I.D., 3/4 in. thick. 


Nozzle 
Size, Hole diam., Rivet circle Rivet size, No. of 
Series in. in, diam., in. in. rivets 
oe a Be oie et pipes 
30 6 15 20 
30 3 61/ 103/s 7/8 14 
o6 ag Be aye : jee roe 
as v4 ; es irene nay 
Pe ys a ei. aes pases 
30 6 81/3 Welded Welded Welded 
Spl. 6(noml.) 65/s Welded Welded Welded 
30 6 81/3 Welded Welded Welded 
Spl. 6(noml.) 65/3 Welded Welded Welded 
40 6 8 151/, if)” 16; me 
40 6 ibe 145/5 li/, [Sees 
40 8 9 181/5_ Li/s ie 
40 10 16 16, 221/, i/o 16, 16 
40 6 11 145/3 Le weld 1 
Spl. 8 8 Welded elded Welded 
60 6 a 151/, Lye 18 ai 
60 10 13° 22, 263/4 11/._ 20, 20 
Spl. 8 101/2 Welded Welded Welded 
40 6 8 Welded Welded Welded 


6 Shell, at 23 in., 491/2 in., and 77 in. from junction with head, 
d Head, from crown to junction 
C, D, B. f Head 
hk Without reinforcing pad. 
k Special welding neck 


9 Shell, at four random points. 


on an are concentric with the tank and passing through the center 
of the nozzle hole. 


38—REcoRD oF TESTS 


The tests may well be divided into three groups: (1) shell and 
head tests on the three tanks without holes; (2) strain measure- 
ments in the neighborhood of unreinforced holes; (3) strain 
measurements in the neighborhood of reinforced holes, including 
measurements on the reinforcing nozzles. This classification 


Fic. 5 Tank No. 3 


will be followed in the discussion of the results, but for purposes of 
record it is perhaps better to present the material in chronological 
order for each tank, so that the reader may have a clear idea of the 
true sequence of events. Table 1 gives a list of the tests, to- 
gether with general information as to the size of holes, size and 
type of nozzles, riveting, etc. The location of each test is shown 
in Figs. 3, 4, and 5. 

(1) The results of tests 102, 202, and 302 may be compared 
directly with the theoretical elongations in a cylindrical shell, 
thus furnishing a check on the accuracy of the experimental work. 
Since this is quite important, Fig. 6 has been prepared, in which 
the observed strains have been plotted as points and the theoreti- 
cal strains as oblique lines. The latter have been deduced from 


the simple membrane analysis, 
using the inside diameter and 
taking the longitudinal stress 
as one-half the hoop stress; 
Shad the more precise method 
been used (Lamé’s formula), 
the difference would have been 
of the order of 5 per cent for 
»\No. 3 tank and less for the 
‘other two. It will be noticed 
that the experimental values 
scatter rather widely when 
smaller than about 0.15 mil 
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TANK No.1 
Longitud ina] Strain 


Qo 


a 


bs 


Strain ~ mils per Inch 
~ 


per inch, but above this figure 
they show good agreement 
with the theoreticallines. This 
~ may be taken as characteris- 
,tic of the method of test em- 
ployed; the authors do not 
believe that anything better 
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Hydrestatic Press. ~/b5 persgin 


Hoop Strain 


7 ‘ 
ean be obtained unless a more 
sensitive and accurate strain 
gage is used, and it is clamped 


od 


| rigidly to the member under 


/test throughout the duration 
of the experiment. 

Tests 101, 201, and 301 on 
the full heads are exhibited in 
Fig. 7, where the results are 
plotted as stresses per 100 lb 


XS . 


Strain~ mils per inch 
= E 


Strain~ mils per inch 
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TANK Nog 


Longitudinal Strain 
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Strain~ mils per inch 
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: : ; A) 
per sq in. applied fluid pres- é 700. 400 600 B00 000 ar 70 42 600 800 000 
sure. The theoretical mem- Hyrdrostatic Fress.~/bs per Soin Ayrdrostatic Press~/bs per sgin. 
| brane stresses were figured 
' from the standard formulas TANK Nad 
F : 
|. for such cases, wherein shear Hoop Strain PS PRES 
and bending are neglected, and 2 oe 
6 6 


the corrections for edge effects 
at the junction of head and 


® 


step-by-step method,’ using 
zones divided into 5-deg in- 
tervals. The radial-stress cor- 
rection gives the resultant 


shell were computed by Coates’ 
| stress on the outside of the 


® 


vessel, and the hoop-stress 
correction gives the resultant 
)) stress at the middle surface, to oO 
which a second correction (due 
| to the hoop bending moment) 
should be applied in order to 
| obtain the resultant stress at 
: the outside. Due to the small magnitude of this latter correc- 
} 


Strain~ mils per /ach 
~\ 


200 400 
Hydrostatic Press.~/bs per sgin. 


600 


tion, it was not indicated in the figure. 

Since the primary purpose of these tests was to determine the 
effect of holes rather than to check the membrane theory of thin 
shells, only one tank, No. 3, was explored beyond the edge of the 
head and along the shell. All three tests show tolerable agree- 
ment with the corrected theory, especially in view of the fact that 
the weld was reinforced, and the change in plate thickness and 
the position of the weld were both offset slightly from the geo- 
metrical junction of head and shell. However, one important 
discrepancy should be noted: from the crown to a point halfway 


4 Timoshenko, “Strength of Materials,” part II, p. 510. The radii 
of curvature to the inner surface were used in the calculations. 

5 Coates, ‘‘The State of Stress in Full Heads of Pressure Vessels,”’ 
Trans. A.S.M.E., 1930, paper APM-52-12, p. 117. 
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Fic. 6 OsserRvED AND THEORETICAL STRAINS IN TANK SHELLS 


to the edge of the head, the observed stresses ran consistently 
higher than the computed values. The reasons for this are dis- 
cussed in part 4 of the paper. 

(2) The effect of an unreinforced hole in the center of an 
ellipsoidal head is shown strikingly in Fig. 8, where the results of 
tests 103, 203, and 303 are plotted. In this and succeeding fig- 
ures, stresses are plotted as percentages of the theoretical hoop 
stress that would exist in the full head (or shell) at the point 
where the center of the hole is located. Solid and dotted fair 
curves are drawn to indicate the hoop and meridional stresses, 
respectively. For comparative purposes, the corresponding 
theoretical stress percentages in an infinite stretched flat plate 
have been plotted as dash and dot-dash lines. It will be seen at a 
glance that the actual conditions in the head, for the sizes of holes 
tested, are about the same as the flat-plate theory would predict, 
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as far as meridional stresses are concerned, but that for the hoop 
stresses they are far more severe, although it would be reasonable 
to assume that, as the size of the hole diminished in comparison 
with the major axis of the head, the experimental and theoretical 
values would tend to approach each other. As a matter of fact, 
the present tests show a trend toward lower percentage hoop 
stresses as the hole diameter is decreased from 9 in. to 7 in., i.e., 
from 211/, to 161/2 per cent of the tank diameter. A rigorous 
theoretical analysis must include not only the change in mem- 
brane stress caused by the opening, but the bending stress due to 
the shear arising from the pressure of the loose patch, as well. 
A pipe attached to the head by a plain threaded connection, 
without reinforcement, would produce practically the same bend- 
ing effect. 

Unreinforced holes in the shells (tests 106, 108, 110, 205, 207, 
209, and 305) give similar results; see Fig. 9, where the observed 
stress percentages are shown by circles and crosses with fair 


: 


; 


3 


8 


iS 
8 


Stress~ /25. per 59. /n. 


% 
8 


i) 10 20 


§ 


: 


Stress ~ /bs. per 59.in. 
3 


i 


1 
3 
ss) 


10 20 Jo 


Distance Along Surface of Head and Shel), trom Crown ~ inches 


AG 
lest 


8 


‘ 
AS 
SN 
9 


Stress~ /bs. per $9. 


Distance Along Surface of Head and Shell, from Crown~ inches 


Fie. 7 Stresses in Futt Heaps 


+ ——theoretical radial 


MERE 
Re 
ae 


Distance Along Surface Of Head and Shell, from Crown ~/nches 


curves drawn through them, while the theoretical percentages for 
an infinite stretched flat plate with a circular hole at the center 
are indicated by dash and dot-dash lines. The latter values were 
obtained by solving the Airy function for the particular case in 
which the normal stress on the z-axis at infinity equals twice the 
corresponding stress on the y-axis.6 The maximum permissible 
diameters of unreinforced holes are, respectively, 3.58, 4.14, and 
4.64 in. for the three tanks,’? which are considerably less than 
the actual diameter of any hole tested, so that high stress concen- 
trations are not surprising. 

As would be expected, the stress at the edge of the hole, mea- 
sured tangentially with respect to the latter, is greatest on the 
longitudinal axis. Moreover, in all cases except one, it is con- 
siderably greater than the corresponding flat-plate stress, and it 
oscillates about the 100 per cent line instead of approaching it as 
an asymptote. Test 106 shows an exceptionally high value, 
which may have been caused by a recess of tapered cross-section, 
1/,in. deep and 1 in. wide, that 
was chipped from the inside edge 
of the hole, due to a shop error. 
The stress in test 305 is also very 
high, possibly because of the 


TANK Na 1 


® syadjal stress 


from test large diameter of the hole. 
epeeo aotics: On the circumferential axis 
x P ae through the holes, the observed 
trom test 


stresses normal to this axis show 
the same general trend as the 
theoretical flat-plate stress, rising 
toa maximum a short distance 
away from the edge of the hole; 
but here again the actual values 
are far greater than the theoreti- 
cal ones. 

(3) We now come to the 
effect of reinforcements. Fig. 
10 includes the results for the 
heads; Fig. 11, the holes in shells 
reinforced with sweep type, 
single-riveted nozzles; Fig. 12, 
the straight-neck, single- or 
double-riveted type of rein- 
forcement; Figs. 13 and 14, the 
various welded reinforcements. 
Here again, as in Figs. 8 and 9, 
stresses are expressed as percent- 
ages. Table 2 gives the rein- 
forcing values of these outlets, 
computed in accordance with 
the A.S.M.E. Boiler Code. 

40 Test 104, when compared 
with test 103, shows a tolerable 
degree of reinforcement, with, 
however, a rather high radial 
stress due probably to concen- 
trated bending of the head just 
beyond the nozzle. Test 204, 
on the other hand, shows com- 
paratively poor reinforcement, 
although the computed value of 


6 See Prescott, ‘‘Applied Elas- 
ticity,” p. 347, et seq. 

7 Based on par. P-193b, Equa- 
tion [2], A.S.M.E. Boiler Code. 
The value of K has been assumed 
as (ultimate strength of longitu- 
dinal weld) /(nominal ultimate 
strength of shell plate), or 0.7. 


weea=: theoretical hoop 
membrane stress 


membrane stress 
——— =resu/tant of mem- 
brane and /oca/ 
Stresses on 
outer Surface. 


40 


TANK No. 2 


TANK No. 3 


the nozzle (see Table 2) is entirely adequate. Because of these 
anomalous results, a nozzle of the same type (straight neck) 
was used in test 304. Here the results are fully as satisfactory 
as in test 104, showing that the form of the nozzle was not at fault. 
/Tn all these tests, it should be added, gage readings on the nozzle 
flanges were low, indicating that the nozzles were capable of 
standing a much larger share of the load. It was therefore con- 
cluded that the high head stress in test 204 was due to riveting 


that was faulty, in spite of all efforts to make it of as high a grade 


‘as possible. This feature is discussed further in part 4. 


APPLIED MECHANICS 


APM-56-3 125 
strength of the rivets is only 89 per cent of that in test 109. 

In Fig. 12 are given the results for straight-neck nozzles. In 
general, these are comparable with the sweep-type nozzle tests 
as far as the longitudinal axis is concerned;" however, on the cir- 
cumferential axis a sharp rise in the hoop stress, and in some cases. 
in the longitudinal stress as well, is to be noted just outside the 
riveting. This is not so pronounced in test 111, where the 
rivet circle is only 31/s in. from the edge of the hole, but in the 
other three tests it is unmistakable. The authors ascribe this 
phenomenon to the great, almost excessive, rigidity of the saddle 


Test /03 


Test R05 


Test 30S 


Fic. 8 Errect or UNrRnINFoRCED Hours In Heaps 


A 6'/,-in. hole was cut in the head of tank No. 1, 171/, in. from 
the crown, and reinforced with a 3-in. sweep-type nozzle, simply 
to get a qualitative picture of the stresses produced by an eccen- 
trically located hole in the head (test 105). As would be ex- 
pected, the radial stress is very high between the central and off- 
set nozzles, whereas on the knuckle side both stresses are moder- 
ate, and, beyond the weld, approach the normal values of 100 
and 50 per cent much as though no hole were present; compare 
with Fig. 7, tank No.3. Ona hoop passing through the center of 
the hole, there is an abrupt concentration of hoop stress just be- 
yond the nozzle, which it is assumed is caused by bending due to 
eccentric rivet pull; beyond this point, both stresses fall rapidly 
to the low values that would naturally obtain in a full head at this 
radius—again compare with Fig. 7. 

Fig. 11 shows the reinforcement that may be expected from 
sweep-type single-riveted nozzles applied to shell holes. It will 
be noticed that the high hoop stress at the edge of the hole on the 
longitudinal axis, in the unreinforced condition (Fig. 9), has been 
completely neutralized in all three tests; furthermore, the high 
longitudinal stress on the circumferential axis of the unreinforced 
hole has been satisfactorily reduced in test 109, although tests 
107 and 206 leave something to be desired in this regard. On the 
other hand, the hoop stress on the circumferential axis, in all three 
tests, is too high. No doubt the eccentric rivet pull is largely 
responsible for this; also the fact that the saddle flange of the 
nozzle, which is the reinforcing agent, is completely symmetrical 
about its center, whereas the principal stresses to which it is sub- 
jected are individually symmetrical about the principal axes, 
but are unequal, so that it tends to distort into an elliptical shape. 
The somewhat poorer results for test 107, as compared with those 
for test 109, which was identical except for the riveting, may be 
attributed to that difference; in test 107, the theoretical shear 


flanges against dishing that this type of nozzle exhibits, coupled 
with eccentric rivet pull, resulting in flexure of the shell plate 
just outside of the riveted area. Test 306, where the flange is 
very thick and the rivet circles are further removed from the edge 
of the hole, is the worst offender in this respect. 

The final tests were made upon welded outlets, consisting of 
standard and special welding necks, a stud-welded sweep-type 
nozzle, and a standard welding nozzle. The earlier welding 
neck tests, Nos. 112 and 113, Fig. 13, show results not markedly 
different from those for the sweep-type riveted nozzles, i.e., good 
reinforcement on the longitudinal axis, but stresses above 100 per 
cent on the circumferential axis. The thin (special) neck, test 
113, shows up very well in comparison with the standard neck, 
test 112—especially on the circumferential axis, where the 
greater stiffness of the standard neck introduces an undesirable 
bending moment. 

When collars were applied to these two outlets, tests 114 and 
115, the reinforcement on the longitudinal axis was increased un- 
necessarily, while the shell on the circumferential axis received a 
very heavy bending moment just beyond the outer weld. This 
might have been reduced somewhat if the joints had been an- 
nealed; however, experience with heavy saddles on previous 
tests leads one to expect a disadvantageous concentration of 
stress in any event, if the reinforcing collars are used. 

None of these four welded connections was annealed to remove 
stresses set up in assembling. The effect of heat treatment is 
brought out in Fig. 14, test 308, where a standard neck was welded 
into the shell, with a slightly heavier fillet than was used in test 
112. The results are eminently satisfactory, indicating that a 
well-proportioned neck, welded to the shell at a single point and 
then stress-relieved, gives all the reinforcement that is necessary. 

The stud-welded nozzle, test 211, Fig. 14, is another example of 
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adequate reinforcement on the longitudinal axis, coupled with 
objectionable bending effects on the circumferential axis. In this 


case, it is suggested that the difficulty might have been obviated 
by omitting the fillet weld around the outside of the saddle flange, 
and annealing. 

The welding nozzle, tests 212 and 307, provides more reinforce- 
ment than the plain neck, and at the same time the area is con- 
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the most satisfactory type of design for pressure-vessel outlets 
that has been evolved to date, and when installed with proper 
care and workmanship, gives adequate reinforcement. 


4—GENERAL CoNCLUSIONS 


(1) Actual Stress in Full Ellipsoidal Heads. It appears to be 
common practise in this country to base the thickness of ellip- 
soidal heads upon the simple 
“membrane theory, neglecting 
bending. For example, the rule 
in the A.S.M.E. Boiler Code, 
P-195, is equivalent to specify- 
ing that the thickness of a 2-to- 
1 ellipsoidal head shall be com- 
puted by this theory, with the 
same factor of safety as for the 
shell. The authors wish to point 
out, however, that all such heads 
are subject to bending as well 
as direct tension. The impres- 
sion seems to have gained ground 
that bending effects are impor- 
tant only at the knuckle, where 
the different rates of expansion 
of head and shell have to be 
equalized, whereas a close scru- 
tiny of conditions reveals the 
fact that the displacement of the 
head under load must vary from 
point to point along each meri- 
dian, tending to make the ellip- 
soidal form approach a hemis- 
phere and inducing bending 
moments that are far from neg- 
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centrated as nearly at one point as it is possible to get it. The 
two tests are structurally identical, except for the different thick- 
nesses of shell plate and the extended inner lip on the nozzle in 
test 307. Both arrangements gave very satisfactory results on 
the longitudinal axis; and although the stress on the circum- 
ferential axis in test 212 did rise to about 180 per cent, there were 
no abrupt changes or narrow zones of high stress concentration, 
in contrast with riveted connections, such as test 208, or welded 
connections, such as test 114. This nozzle probably represents 
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Pa 


ligible. 

If we assume that the two 
principal stresses at any point in 
the head are given by the simple 
membrane theory, we can com- 
pute the corresponding strains 
from Equations [1]; then, by the 
theory of thin surfaces of revo- 
lution in which bending is con- 
sidered,* we obtain expressions 
for the components of displace- 
ment normal to the surface and 
parallel to the meridians, and by 
differentiation and substitution, 
the so-called “‘first”’ and ‘‘second”’ 
principal bending moments. At 
the crown, these latter reduce 
to the following simple value: 
u = 2h (k? — 1) 

Tesr 306 . 6 ( <= h) 


where 


M = moment acting on edge of element of unit length and 
breadth, tending to increase the convexity of the head, 
in-lb per in. 

t = thickness of head, in. 
p = fluid pressure required to produce the stresses in accord- 
ance with the simple membrane theory, lb per sq in. 

8 Féppl, ‘‘Drang und Zwang,” vol. 2, pp. 21-36; Péschl, ‘‘Berech- 

nung von Behaltern,’’ pp. 50-63. 
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= ratio of major to minor axis 
s’ = stress in outermost fiber due to M, lb per 
sq in. 


_ For a hemispherical head, k = 1 and M =0; for 
‘a 2-to-1 ellipsoid, of steel, M = 0.718 pt? and 
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sf = 


= 481 lb per sq in. per 


100 Ib per sq in. applied pressure. 


There are two errors in the foregoing: The 
body has been assumed as a complete ellipsoid 


_ without edge loadings, and the strain energy of 


bending has been neglected. The first is un- 
‘important, since it is well known that edge 


- effects in a semi-ellipsoid are sensible only over 


a narrow zone and are imperceptible at the 
crown. The second would be serious in a thick 
head with large k, where conditions would ap- 


-\ proach those of a flat plate amenable to the 


Poisson analysis. In a 2-to-1 head, however, 
the bending energy is comparatively small. If 
we assume a strained configuration for the head 


|) identical with that which is given by the simple 


membrane theory, we can calculate the work 
done by the fluid pressure (using the value of 
p in the simple membrane formulas), the strain 
energy of direct extension, and the strain energy 
of bending. The authors have done this for the 
head of tank No. 1, using Coates’ step-by-step 
method with 5-deg zones and finite differences of 
the displacements instead of differentials, and 
obtained 43.01 X 108 in-lb for the first, 43.05 
X 10°in-Ib for the second, and only 3.98 X 10° 
in-lb for the third, per lb per sq in. applied pres- 
sure. The close agreement between the first and 
second, which were obtained with a 12-in. slide 
tule, shows the efficacy of the step-by-step 
method; the small value of the third indicates 
that the specified configuration could be ob- 
tained by applying small supplementary cor- 
rective loadings (partly radial and partly meri- 
dional) to the elements of the head. A first ap- 
proximation to the true state of stress could then 
‘be obtained by reducing or increasing the com- 
puted stress at any point by the ratio of the 
specified load to the corrected radial load at 
that point. But an examination of the equa- 
tions of equilibrium shows that at the crown, 
where the shear is always zero, the corrective 
loading is zero; hence the first approximation 
gives, for the stress on the outer surface of the 
head at the crown: 


stress by membrane theory + stress by 
Equation [3] 


This is sufficient to account for the excess of 
observed over calctlated stresses shown in Fig. 
7, tanks Nos. 1 and 3. The trend of results for 
tank No. 2 is the same, with a single excessive 
result near the center, which may be a thermal 
stress caused by plugging the small central hole 
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(see Fig. 1) with weld metal. The authors believe that these heads and recommend that it be given due recognition by de- 
tests give clear evidence of the seriousness of bending in dished _ signers. 
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(2) Stresses Around Unreinforced Holes. Figs. 8 and 9 show 
that the common two-dimensional formulas for stresses near a 
hole in a stretched plate give at best a poor representation of the 
actual conditions in a head or shell, of qualitative value only. 
The true state of stress in a head can be computed only from the 
equations for surfaces of revolution having flexural rigidity.® 


TABLE 2 REINFORCEMENT VALUES OF NOZZLES 


Ratio of reinforcing 
metal to metal 


Tank and removed by Ratio of actual to required 

nozzle hole rivet strength 
Shear Tension 

1 A 0.892 1.066 2.22 
1 B 0.827 0.907 2.28 
1 Cc 2.435 1.293 2.11 
1 D 1.146 1.44 2.22 
1 E 1.093 1.23 1.968 
1 Fea 0.985 ie sas, 
1 Fb 2.19 sais ae 
1 Ge 0.521 Aas xc 
1 Gb 1.997 asta Sere 
2 A 2.06 1.132 1.753 
2 B 0.747 0.865 1.90 
2 Cc 2.47 Loid 1.333 
2 D 1.596 1.233 1.503 
2 E 1.08 mare ae 
2 F 1.97 ser es 
3 A 1.866 1.454 1.678 
3 B 1.557 1.087 1.212 
3 Cc 0.91 are 
3 D 1.063 


@ Without collar. 6 With collar. 

Norte: Values in the table were computed in accordance with paragraphs 
P-180, P-193, P-195, P-260, P-261 and P-268, A.S.M.E. Boiler Code.  Ulti- 
mate strengths were "assumed as follows: 50, 000 Ib per sq in. for shells, heads, 
and nozzles in tension, 45,000 lb per sq in. for rivets in tension, and 44,000 
lb per sq in. for rivets in shear. Weld metal was included in computing the 
areas of reinforcements. Efficiency of longitudinal weld in shells assumed as 
0.7, equivalent to an ultimate strength for the weld of 35,000 lb per sq in. 
The weakening effect of rivet holes was not considered in computing the 
maximum allowable working pressure or the maximum permissible diameter 
of unreinforced opening. Had this been taken into account, the result would 
have been to reduce the working pressure, increase the maximum diameter 
of unreinforced opening, and increase the rivet strength ratios, in some of the 
entries in the table. 


§ See reference in footnote 8; also, for special, solutions and ap- 
proximate methods, the following: Geckeler, ‘“‘Uber die Festigkeit 
achsensymmetrischer Schalen,” Forsch. Ing., no. 276, 1926; Meissner, 
“Uber Elastizitit und Festigkeit diinner Schalen,’ and “Das Elas- 
tizitiitsproblem fiir diinne Schalen,” in Phys. Zeit., vol. 14, 1913, p. 
343; Reissner, ‘“Spannuhgen in Kugelschalen,” in Miller-Breslau 
Festschrift, 1912, pp. 181-193. 


TEsT 308 TésT 307 


Unfortunately, these equations do not admit of exact solution 
except for a few simple cases of loading, with constant radii of 
curvature and special edge conditions. However, by means of 
Geckeler’s approximation it is possible to get fairly easy solutions 
for spherical shapes with any desired edge conditions. The re- 
sulting shear stresses and angular displacements then take the 
form e—° (c sinew + c3 cos ¢, ~), where y is the angular distance 
from the edge of the hole, measured on a meridian; the corre- 
sponding linear displacements, direct stresses, and bending mo- 
ments may then be computed directly by means of the exact 
formulas. It is recommended that this method be used for unre- 
inforced central holes in heads, assuming a constant radius of 
curvature equal to the mean of the actual principal radii at the 
edge of the hole. It is also possible to obtain very accurate nu- 
merical results for individual problems by using difference equa- 
tions over small intervals, instead of the more precise differential 
equations. Keller!® has given some interesting solutions, in 
which this method was employed, involving dished sheets with 
various edge conditions, with and without central holes, and with 
constant and variable thickness. It must be admitted that the 
amount of computation involved makes this last method a la- 
borious one. 

For holes in shells, the problem is complicated by the lack of 
symmetry. A suggested method of solution is to set the dis- 
placement equal to the regular displacement for a full cylindrical 
shell plus an exponential term with undetermined coefficients 
similar to that in the preceding paragraph, and solve by the mini- 
mum energy principle. 

(8) Characteristics of Good Reinforcement. A survey of the 
data obtained by the authors in their tests points toward several 
principles of design which, when properly observed, result in 
good reinforcement of openings—i.e., reduction of the high 
stresses around unreinforced holes to values approximating 100 
per cent of those which obtain in the full head or shell. Before 


10 Z.V.D.I.; vol. 56, pp. 1988-1993 and 2025-2028; Forsch. Ing., 
no. 124, 1912, no. 195, 1917. See also ‘“‘Berechnung gewolbten 
Boden,”’ 1922 (Teubner). 
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discussing them, it should be well understood that a reinforce- 
ment is decidedly not the same as a connection or fastening, 
structurally speaking. A fastening must have strength, prefer- 
_ ably equal to that of the parts it connects, but greater if so de- 
sired; a reinforcement needs not only strength but rigidity—and 
neither too much nor too little of the latter. For example, 
suppose two bars under tension are connected end to end by a 
tongue-and-groove joint in which a taper key is inserted; the key 
may be a loose fit, but the joint will hold if the key has sufficient 
area of cross-section. Now suppose that the joint is to be rein- 
forced by cutting another slot and inserting a second key identical 
with the first. If this key (the “‘reinforcement”’) is a loose fit, it 
will serve no useful purpose whatever, and on the other hand, if it 
is driven in too tight, it will relieve the first key of its share of the 
load and the joint will be no stronger than it was in the first 
place. Consequently, when rings and nozzles are attached by 
bolting or riveting, special effort must be made to see that the 
holes are completely filled; even then, it is not certain that the 
reinforcement will take its full share of the load—witness test 
No. 204 in comparison with 301, and 107 in comparison with 109. 

In view of the foregoing, the authors would state that the actual 
connection between the reinforcing member and the pressure ves- 
sel should be as rigid as possible. Furthermore, the point of 
attachment should be as near the edge of the hole as practicable, 
to eliminate ‘‘dead metal’’ in the shell, and the reinforcing ring 
itself should be concentrated close to the edge of the hole, so as to 
distribute the stress more uniformly through it, and prevent the 
bending effects that are associated with broad, stiff rings attached 
to the shell at or near their outer edges. 

In conclusion, a few numerical examples are given to illustrate 
the principles just outlined. They are based upon conditions in a 
thin flat plate with a hole at the center and uniform tension in all 
directions at infinity—admittedly not true of a curved shell or 
dished head, but approximate enough to serve for comparative 
purposes. In each example, the plate is assumed to have a thick- 
ness of 1 in., the radius of the hole is 5 in., and the stress at in- 
finity is a tension of 11,000 lb per sq in. For simplicity, « has 
been taken as 0.3. The following additional notation is used: 


sr = radial stress in plate 
s: = hoop stress in plate 

t = thickness of plate 

s = plate stress at infinity 

a = radius of hole 
u’ = radial displacement of ring 
s,’ = radial stress in ring 
s:’ = hoop stress in ring 

t’ = thickness of ring 

b’ = outside radius of ring 

u = radial displacement of plate 
H = area of one section of ring 

= (b’—a)t’ 


Example 1. No reinforcement. 


8, = s(1 — a?/r?) = 0 at edge of hole 
= 8250 lb per sq in. 5 in. from edge of hole 


8: = s(1 + a2/r2) = 22,000 lb per sq in. at edge of hole 
= 13,750 lb per sq in. 5 in. from edge of hole 


This is the well-known result for a small hole in a plate, where the 
stress is doubled by the mere presence of the hole, regardless of 
size. 

Example 2. 100 per cent nominal reinforcement, consisting of 
aring of 5 sq in. (one section only), concentrated at the edge of the 
hole. The attachment of ring to plate is unyielding (wu = u’ when 
ean). 
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sa? E — (1— y»)H | = 9570 lb per sq in. at edge 
r? | at + (1 + »)H_| Of hole 


= 10,650 lb per sq in. 5 in. out 


Sra Si 


Aen et sa?| at — (1 — »)H | = 12,480 lb per sq in. at edge 
: r?|at+(1+n)H_| of hole 


= 11,350 lb per sq in. 5 in. out 
si’ = 9570 lb per sq in. 

Although the area of reinforcement equals the area removed by 
the hole, the ring is concentrated at one radius, and the attach- 
ment is unyielding, there is still an excess of 13 per cent in the 
hoop tension around the hole and a deficiency of 13 per cent in 
the full utilization of reinforcement. 

Example 3. Same as example 2, but with a small amount of 
“slip” in the attachment (wu = 1.1w’). 


Piet am sa? 1.lat — (1 — u)H | = 9170 lb per sq in. at edge 
: r? | 1lat + (1 + )H_| of hole 


3 sa?} 1.lat — (1 — »)H | = 12,830]b per sq in. at edge 
r2 | Llat + (1 + u)H_| of hole 
The hoop tension is now 16!/2 per cent in excess, and the utiliza- 
tion of reinforcement is correspondingly reduced. 
Example 4. 200 per cent nominal reinforcement, consisting of 


a 10-sq-in. ring (one section only) concentrated at the edge of the 
hole, with unyielding attachment. 


Sra Ss 


sr = 12,200 lb per sq in. at edge of hole, 11,300 Ib per sq in. 5 in. 
out 

= 9800 lb per sq in. at edge of hole, 10,700 Ib per sq in. 5 in. 
out 

= 6100 lb per sq in. 
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Although the reinforcing metal has been doubled, conditions are 
no better than in example 2, the chief difference being an inter- 
change in the values of hoop and radial stress; moreover, the re- 
inforcement is only about 55 per cent utilized. Further reinforce- 
ment will only increase the radial stress and decrease the hoop 
stress, until in the limiting case the former equals 22,000 Ib per 
sq in. and the latter equals zero. To secure actual 100 per cent 
reinforcement, the total cross-section of the ring must be 43 
per cent greater than that of the hole, but in that case the strength 
of the ring is only 70 per cent utilized. 

Example §. 100 per cent nominal reinforcement consisting of 
a ring 1 in. thick, 5 in. inside radius, and 10 in. outside radius, 
attached rigidly to the plate at the edge of the hole. 


sr = 6750 lb per sq in. at edge of hole, 9940 lb per sq in. 5 in. out 
s: = 15,250 lb per sq in. at edge of hole, 12,060 lb per sq in. 5 in. 


out 
sr’ = —6750 lb per sq in. at edge of hole, 0 at outer edge of ring 
s:’ = 11,240 Ib per sq in. at edge of hole, 4480 Ib per sq in. at 
outer edge 


This shows the objectionable results accruing from poor distribu- 
tion of the reinforcing metal; only the fibers near the edge of the 
hole are stressed the full amount, and the average utilization of 
the ring is less than 71 per cent; at the same time, the plate has a 
39 per cent excess of stress at the hole edge. 

Example 6. 100 per cent nominal reinforcement consisting ofa 
ring of 5 sq in. area (one section only), rigidly attached to the 
plate, and concentrated on a circle of 7 in. radius. 


sr = 0 at edge of hole, 3308 Ib per sq in. out from edge of hole 2 
in. —, 9855 lb per sq in. out from edge of hole 2in. +, 
10,440 lb per sq in. 5 in. out 


= 13,486 lb per sq in. at edge of hole, 10,178 lb per sq in. out 
from edge of hole 2 in. —, 12,145 lb per sq in. out from edge 
of hole 2 in. +, 11,560 lb per sq in. Sin. out 

s:’ = 9166 lb per sq in. 

Comparing with example 2, we find that the hoop stress in the 

plate, at the circle where the ring is attached, is slightly improved; 

but the metal around the edge of the hole, which is still carrying 

part of the load, even though from a very elementary and ap- 

proximate point of view it is inside the ring and therefore “dead,” 

is overstressed to the extent of 221/. per cent. Also, the ring is 

not as fully loaded as in example 2. 

By making the ring 7.485 sq in. in area (one section), the radial 
and hoop stresses outside the ring are held exactly at 11,000 lb 
per sq in., and the annulus inside of the reinforcing ring is not 
Srersmesecd: in this case, full reinforcement is secured by adding 
practically 50 per cent to the nominal area of reinforcing metal, 
but the stress in the reinforcing ring is only 7700 lb per sq in., 
representing 70 per cent utilization. This example shows the 
impossibility of getting full value out of both the reinforcement 
and the annulus of plate inside the circle where the reinforcement 
is attached, if this latter circle is but a small amount greater than 
the hole in the plate. 
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Appendix 


The equations for a stretched flat plate of constant thickness 
having conditions symmetrical about a central axis are: 


E E 
8 = Tae eee = ep ee 
B B B 
6 = A—— =A+-— u = Ar += 
Te ue r 


where r = distance of any point from the axis, and A, B are con- 
stants determined by the boundary conditions. Combining the 
stress and strain equations, we have 


apenere Ee P 
damien Maa pEC Tah ee oes) oes mar 


For an unreinforced plate, there are only two constants to be de- 

termined, requiring two boundary conditions. For example 1, 

these are: s- = s whenr = ©,s, =Qwhenr =a. Hence, from 

(hiss) 8 Fees (1 + »)a’s 

Hive e195 pete a 

tion of these in the foregoing equations for s;, s:, and wu, gives the 
stress and radial displacement at any point. 

For a plate with a narrow eer fot EE ring, examples 2, 3, and 4, 


si/(b’ —a 8 
it ) Of = sa the quantities for the ring being 


Substitu- 


the equations for sy, A = 


/ 
8,/ = ‘ = 


a EY 
designated by primes. The boundary conditions are: s¢ = 
—s,'t’! when r = a, u = ku’ when r = a, sy = s whenr = ©. 


Hence: 


Fen ea eee |e + u)kat — (1 — »*)H 
: E kat + 1 + »w)H ; 
For a plate with a wide reinforcing ring, example 5, there are 


two systems of equations and four constants, A, B, A’, B’. The 
four boundary conditions are: sr = s whenr = ©, spt = —s,’t’ 
when r = a, u = wu’ whenr = a, and s-’ = Owhenr = b’. The 
radii for the plate and ring are assumed equal. Hence: 
Lire 2t'(b’? — a?) 
AL s B=—| 0 Se 
E eT + p) i 
ee 2(1 — p)a?s BR’ = 2a°b/?s 
(1 + ») EL EL 
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== 1 Emin cy t! 2 t' 2 
where L (= ar +Gst)s 

A plate with a reinforcing ring concentrated on a circle of ra- 
dius c, larger than the radius of the hole, will have three systems of 
equations. Designating the quantities for the ring by primes, 
and those for the plate between radius a and radius c by double 
primes, the boundary conditions are: s,t— s,"t + s,'t’ = 0 when 


r =, 8" = Owhenr = a,s, = swhenr = ©, andu =u’ = u" 
'H / 
whenr = c. Also, asin example 2, —s,'t’ = Z = ae 
c 
Hence: 
1 —— 
A= ee 
E 
B 2c*s[((1 — u)c? + (1 + u)a?] (1 — p»)sc? 
= ra 5 
E 2 2c? + (1 — wc? + (1 + u)?a?] efi 
hh 2(1 — u)c’s : 
E {20 + (= we + (1 + 1)20?] = 
c 
2 1 272 
B’ = (1 + u)a?e?s 
By c+ (Late? + A + w)20] zy 
Discussion 
C. W. Opert.!! Professor Waters has very definitely outlined 


the objectives of the actual tests as made, but he has not under- 
taken to explain the reasons for the need of such experimental 
data. The writer will, accordingly, add some comments on this 
phase of the question. 

The actual need for data along this line arose when the rules of 
the A.S.M.E. Boiler Construction Code were amplified in 1931 to 
provide for fusion-welded construction. It was then, and only 
then, that the outstanding difference between welded and riveted 
connections for attaching nozzles and other connections to shells 
or heads became apparent. The riveted attachment is capable of 
considerable slip or ‘‘give” before an overload will drive the plate 
metal thoroughly into contact with the rivets, and in the process 
of such slight deformation the structure usually resolves itself 
into somewhat stronger shape. Such is not the case with a 
welded attachment, however, as if the connection is strength- 
welded and the weld is thoroughly fused to the base metal, there 
is no “give” and the welded joint assumes the entire load from the 
outset; this is the reason for a number of failures that were not at 
first understood. 

This characteristic of the welded joint has revealed many 
points of weakness in customary forms of attachments using 
flanges and fillet-welded connections; these weaknesses have been 
more apparent in nozzles, manhole frames, and the like where re- 
inforcements are considered necessary. Probably the outstand- 
ing feature of this development was the revelation of the in- 
effectiveness of the ordinary nozzle-reinforcing pad as commonly 
attached by methods simulating a riveted connection. It soon 
became evident that welded attachments demanded a very 
different method of treatment if efficient transfer of stresses from 
shell to pad was desired, but there seemed to be no way of learn- 
ing how to work this out unless an extensive series of tests was 


11 Consulting Engineer, Union Carbide and Carbon Research 
Laboratories, Long Island City, N. Y. Mem. A.S.M.E. 
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carried out to determine the actual effect of stressing various 
forms of riveted and welded attachments. 
A few individual tests of certain forms of reinforcing construc- 


_ tion were made by some concerns that had specific problems to 
- handle, but the results from these were far from comprehensive. 


It was not until Mr. J. Hall Taylor, of the Taylor Forge and Pipe 
Works, volunteered to conduct a series of tests that there ap- 
peared to be any hope of securing these much-needed data. 


-. Mr. Taylor made comprehensive plans for this investigation. 


He retained Prof. E. O. Waters, assistant professor of mechanical 
engineering at Yale University, to consult and advise on the tests 
and to analyze the results. The work of testing was carried out 
in the testing laboratory at the Taylor plant in Chicago, with 
Mr. W. L. Bowler in charge of the testing crew. Mr. Taylor 
consulted frequently with the Boiler Code Committee in order to 
work out the most needed phases of the problem, and both Mr. 
Taylor and Mr. Bowler appeared from time to time before the 
Boiler Code Committee to present preliminary reports on the 
test results and to discuss the progress of the tests. 

During the winter of 1931-1932, the Boiler Code Committee 
was confronted with some unusual problems in regard to the re- 
inforcement of openings, and Mr. Taylor contributed freely of 
the data they had obtained from the tests up to that time. 
He also offered the committee the assistance of Mr. Bowler on 
several different occasions. It was largely on the basis of these 
test data that the new rules for reinforcement of openings were 
issued in 1932 in the form of revisions of pars. P-268 and U-59 of 
the code. These rules introduced a new and different method of 
computing the required reinforcement of any opening in a shell 
or head. They are adequate and comprehensive, and they have 


_ done much to enhance the value of the welding rules in the code. 


They are logical and cover all imaginable cases of nozzle construc- 
tion. It is interesting to note that they constitute the first set of 
rules for this purpose that has appeared in any code in the world. 

The experimental work reported in this paper has certainly had 
a profound effect on the design of nozzles and outlet connections 
for use on pressure vessels. Comparative data were produced 
that proved the theoretical estimates of the concentrations of 
stress at openings, and they were sufficiently quantitative to be 
definitely useful in studying the minimum requirements for 
safety. Without these data the recent revisions of pars. P-268 
and U-59 could not have been made so complete and compre- 
hensive. The Boiler Code Committee is therefore indebted to 
Mr. Taylor and is grateful to him for his cooperation. It is ap- 
preciative of his generosity in making this investigation possible, 
and recognizes the public-spirited attitude he has shown. 


A.M. Waat.!2 The authors are to be congratulated on having 
made a start toward a solution of such a difficult problem as that 
involving stress conditions near the openings of pressure vessels. 

In connection with the use of a Berry strain gage, the writer 
believes that the use of an instrument for measuring curvature 
would also be of advantage. If both the strains and the changes 
in curvature on the outside of the tank wall are measured, then it 
is a simple matter to calculate, not only the stresses on the outside 
It may possibly be that 
in certain cases the latter are greater. 

In connection with these tests on the effect of holes in pressure 
vessels, some recent photoelastic work which has been done by 
the writer in collaboration with Mr. R. Beeuwkes may be of inter- 
est. This work had to do with finding stress concentration fac- 
tors K (i.e., ratios of maximum stress to average stress in the 
minimum section) for bars of finite width with holes under ten- 
sion and will be reported on in a future publication. A sketch of 


12 Research Engineer, Westinghouse Research Laboratories, East 
Pittsburgh, Pa. Assoc-Mem. A.S.M.E. 
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the case considered is shown in Fig. 15. Here is also shown the 
stress-concentration factor K plotted against the ratio d/w = 
diameter of hole/width of plate. The small circles represent test 
results by the writer and Mr. Beeuwkes, using the photoelastic- 
fringe method and monochromatic light. The triangles repre- 
sent photoelastic test results reported by Hennig, }* the black dots 
similar results reported by Coker, and the half-filled circles 
those of Preuss,!5 who used extensometer methods. The dotted 
curve is based on mathematical calculations by Howland.1® 
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The small square represents an extensometer test on a steel 
model having a hole with a diameter nearly equal to the bar 
width. It may be seen that the writer’s test results agree well 
with the mathematical results of Howland and are in general 
higher than those of the earlier investigators, a fact which may be 
explained by the difference in the methods used. It is note- 
worthy that even for a bar with a hole of diameter 0.97 of the 
width the factor K is still nearly 2. 

While the case represented in Fig. 15 is considerably different 
from that of a pressure vessel with an unreinforced opening, the 
results may possibly be of some interest in this connection. 


C. G. Wuut1aMs.!7 No attempt will be made to give a true 
discussion of this paper, which without doubt is the best one ever 
presented on the subject, both as to means of performing the 
tests and of arriving at the formulas presented. The writer 
cannot hope to add to the facts presented in the paper, but he will 
give some facts regarding effects that have come to his notice 
as a foreman in railroad shops. He does not know why these 
things happen, but he does know that occasionally they do hap- 
pen, and without resort to systematic tests, such as the authors 


13 Forschung, vol. 4, no. 2. 

14 Proc. Lond. Phys. Soc., 1912-13, p. 95. 

18 Forschungsarbeiten, no. 126, 1912, and no. 134, 1913. 

16 Phil. Trans. Royal Society, A, 1929, p. 49. 

17 Chief Engineer, Green Bay Barker Machine and Tool Works, 
Green Bay, Wis. Mem. A.S.M.E. 
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have carried on, he has tried to formulate a reason for their occur- 
rence. 

In this discussion five drawings will be given, Fig. 16 being the 
horizontal section of a steam dome as applied to the boiler of our 
oldest types of power and is made up of three parts. Fig. 17 isa 
view of the same dome when looking down upon it. Fig. 18 is 
a, view of a two-piece dome as used some years ago on the largest 
power then in use. Fig. 19 is a view of the dome, formed from 
one piece of metal, that is used on modern locomotives of the 
largest types. 

As the checks or cracks shown in Fig. 17 are those also en- 
countered in steam dome tops as depicted in Fig. 18, no separate 
top view is given of this dome. In the case of Fig. 19, only one 
dome has shown signs of cracking, to the writer’s knowledge, and 
this case was only a slight crack that might be termed a fatigue 
crack from breathing in the knuckle and one short crack at the 
opening, but on the opposite side of the dome, and which would 
therefore be similar to the cracks shown in Fig. 17. 

An outline will also be given of the barrel and throat sheet of a 
locomotive boiler for a use that will be explained later and which 
was made necessary by a question asked at the meeting. 

In Figs. 16, 18, and 19 are shown the usual location of breathing 
cracks, and in Fig. 17 is shown the extent to which they may 
spread. This figure also illustrates the manner in which they 
may join up with the cracks originating from the dome head 
opening as at F and H; there also is shown at x and y how some 
of the cracks extend from the dome-head opening that have no 
relation whatsoever to the breathing cracks. 

In some cases these cracks have been chipped out and electric 
welded so successfully that they have been in service for at least 
three years and no failure has been recorded. Before the advent 
of electric welding, these checks or cracks had in some cases been 
chipped out and a copper strip dovetailed in place so that the 
locomotive could be continued in service. One such case was 
noted after 12 years’ service in a switch engine. 

In the case here presented, that part of the crack, Fig. 17, from 
A to B and from C to D is caused by breathing, but what actually 
causes the crack from A to F and from D to H? It must be 
remembered that the opening is covered with a circular, slightly 
crowned steel plate fully as thick as the metal in the dome head, 
in most cases 1!/, in. thick, machined around the outer edge for 
approximately 11/2 in. width to form a bearing seat. Generally 
this seat is grooved slightly to hold a copper-wire gasket. There 
is a ring machined around the opening in the dome head corre- 
sponding to that on the cover. This machined portion reduces 
the thickness of the metal approximately 1/;. in. In this faced 
portion of the head is drilled a series of holes that are tapped with 
a tapered tap, 12 threads to the inch. In these holes are screwed 
the studs that retain the cover in place. 

In some few cases where the dome heads have cracked from 
breathing only, the crack has been filled up with an electric weld 
to keep the locomotive in service, and up to date the writer does 
not know of one such welded dome head that has failed in ser- 
vice and of only one that has opened up new cracks. In this one 
head, apparently the new crack started at the edge of the opening, 
passed through a stud hole, and continued to a breathing crack 
nearly 1 in. from the weld. The new crack traveled around the 
end of the weld, but had no connection with it. 

Though but one welded head has failed by cracking from the 
opening outward, several have failed from cracks in the knuckle 
and have been removed. In those cases where breathing cracks 
have extended into the opening or where breathing cracks and 
opening cracks have existed in the same head, that head has been 
removed and a new one_put in place. 

On one or two occasions a section of metal that would be 
bounded roughly by the lines FAB and CDH, Fig. 17, prolonged 
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until they meet, has been torn completely away. In other cases, 
the cracks have been detected, and the dome head has been re- 
placed. 

Though having no connection with the subject, the writer will 
mention that cracks have appeared in the throat sheet, Fig. 20, at 
points say A and B. These have been variously designated as 
tension cracks from internal strains, as embrittlement cracks, 
and as breathing cracks. 

In Fig. 20, it will be noticed that the boiler is supported at the 
front end on the cylinder saddle; then on two belly braces (in 
some cases on old types of locomotives only one belly brace and 
in some cases with the largest types of power three or four belly 
braces); at the front end of the firebox is an expansion pad and at 
the rear of the firebox may be either a brace or another expansion 
pad. 

The question was asked if cracks in the dome head were on the 
longitudinal axis more often than on the lateral axis. The answer 
is, in all locomotive boilers there is a tendency for the boiler to 
sag in the center, where supported by the belly braces, from the 
weight of the boiler shell and the enclosed water. This has been 
so pronounced in some cases that the bolts in the bottom of the 
braces have been sheared off and the plates forced off the ledge 
machined for their support. This might cause the belly of the 
boiler to assume the shape of the dotted lines, Fig. 20, and the 
back or top of the boiler to assume a similar contour. This it is 
believed would tend to cause a closing up of the cracks in the 
dome where they show on the lateral axis. However, they do 
appear fully as often on the lateral as on the longitudinal axis. 

A suggestion was made that the older types of dome heads 
might be more prone to crack than would the new types of dome 
in use on modern heavy locomotives and illustrated by Fig. 19. 
The writer would say that he has seen one of these low one-piece 
domes crack in the knuckle and also has seen cracks from the 
opening outward, but in none of them were sections of the dome 
head completely surrounded by cracks, and in no case did 
breathing cracks and opening cracks tend to extend until they 
met. 

It was also suggested that the stud holes might be a source of 
weakness, but the writer has seen the cracks open up between 
the studs as well as through the stud holes, as illustrated in 
Fig. 17. 

In a paper (A.S.M.E. meeting, December 2 to 6, 1926) Freder- 
ick G. Straub, of the University of Illinois, on ‘Recent Instances 
of Embrittlement in Steam Boilers,” gives a record of failures 
that had been shown to be the cause of cracks in throat plates 
(A and B, Fig. 20), but an examination of steam-dome cracks and 
checks has not shown any tendency toward embrittlement, al- 
though metallurgical examination of the steel in one cracked dome 
head did show a grain structure at the edge of the opening and 
extending outward toward the knuckle some 2 in. that indicated 
an overheating of the plate at some time during fabrication. 

In the paper, ‘Fracture in Boiler Metal” (A.S.M.E. meeting, 
June, 1930), A. E. White and P. Schneidewind, of Ann Arbor, 
Mich., state: “Failure in mild carbon steel through tension seems 
to start in the relatively strong but brittle pearlite constituent.” 
Again, referring to fatigue cracks: ‘Cracking does not proceed 
through the pearlite grains. The pearlite undoubtedly transmits 
the stresses to the next ferrite grain, which will then crack in the 
usual manner. When actual fracture occurs, the pearlite fails 
because it alone is bearing all the load.”” The writer has found 
the same condition to show in embrittlement cracking. It is 
believed that the cracks in the knuckle of the dome head are the 
result of fatigue produced by breathing, but this may be induced 
by the methods of fabrication of the head. 

F. H. Moore, ‘‘Tests of the Resistance to Repeated Pressure of 
Forged, Riveted, and Welded Boiler Shells” (A.S.M.E. meeting, 
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Detroit, June, 1930), referring to the test of a manganese-steel 
test drum, states: ‘“The measurements of stress during this test 
showed no evidence of appreciable distortion of the drum, except 
in the immediate vicinity of the crack;” and again in referring to 
the fracture of a seamless forged test shell, states: ‘It was quite 
evident that this tapped hole 
acts as a region of stress concen- 
tration, where a spreading fa- 
tigue crack is likely to start.’ 
The crack in the manganese- 
steel drum started at the edge 
of a manhole opening. This 
was chipped out and welded, 
but no statement was made of 
the method of weld nor the 
nature of the weld except that: 
“After 143 additional cycles of 
pressure, the drum head split 
violently through the crack re- 
paired by welding.”” This would 
infer that welding was a danger- 
ous procedure. The writer has 
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lene torch to give the same 
results, while good electric welds 
have given the best of results. 

An interesting study that 
might give some light on con- 
structive analysis is the paper 
by W. M. Coates, Ann Arbor, 
Mich. (A.S.M.E. meeting, De- 
cember, 1929), ‘‘The State of 
Stress in Full Heads of Pressure 
Vessels,” wherein he shows that 
breathing effects are not only 
shown in the knuckle of the 
head, but also throughout the 
surface of an ellipsoidal head. 
The question would naturally 
arise, if this condition exists, 
whether it would not be possi- 
ble that the cracks in the cir- 
cumference of the opening in 
the heads of pressure vessels are 
the effects of fatigue from those 
very conditions imposed on the 
metal of the head and localized 
by some defect in the contour 
of the opening caused in fabri- 
cation, or perhaps by inclusions 
in the steel. 

Formerly it was thought that this cracking was the result of 
internal strains, but for at least 14 years dome heads have been 
annealed after processing and still failures have resulted. 

The question was asked if, as all steels are not homogeneous 
but contain dirt spots, blowholes, gas pockets, or various forms of 
inclusions, it could not be that these could have started the 
cracks referred to.. The answer is that, in one case at least, an 
examination of the metal in the head, which was sawed in several 
pieces, showed that the metal traversed by the crack was homo- 
geneous without inclusions of any type, but there was a spot, 
let us say at P, Fig. 17, that was full of dirt and other inclusions, 
but for some reason the crack, either the radial or the breathing, 
did not extend in that direction. It has seemed to the writer 
that in these types of usages of materials, such as in locomotive 
steam-dome heads, air-reservoir heads, hydraulic-tank heads 
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etc., checks start in the stiffest section of the metal because of 
resistance to flection. Howe, ‘‘Metallography of Steel and Cast 
Tron,” p. 296, states: ‘‘The path of deformation and rupture is 
governed first by the nature of the existing stresses and second 
by the properties of the material itself.” 
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Fig. 17 Typical Cracks in a Steam Dome. 
Fig. 19 Modern One-Piece Dome.) 
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The writer does not know what causes these radial cracks from 
the opening in the head. It may be fiber stresses that are in ex- 
cess of the tensile strength of the steel, as suggested by Mr. 
Waters, and it may be that the machining of the edge of the 
opening for the seat for the dome cap weakened the edge of the 
opening so that excessive fiber stresses were generated. How- 
ever, this must be determined by test. 


W. Trinxs.!8 These experiences of Mr. Williams lead me to 
believe that, in addition to the stresses mentioned by Mr. Taylor 
and Professor Waters, other important stresses enter, which ac- 
count for the failures described by Mr. Williams. Professor 
Waters has shown that in an unreinforced hole the stress at the 


18 Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 
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edge of the hole is very high. From theory it is known that in a 
flat circular disk the stress at the edge of the hole equals twice the 
average stress and that it drops off rather quickly as we go away 
from the edge of the hole toward the solid metal. Using Mr. 
Williams’ sketch, the writer has indicated roughly how that stress 
would distribute itself near the edge of the hole. In addition to 
these stresses we have magnification of stress around the stud 
hole. 

These studs seem to be dangerously close to the inner edge 
of the hole, and since around these stud holes we have a mag- 
nification factor of three, it appears that at the edge of the 
stud hole the stress may be even higher than it is at the edge of 
the center hole. In that way we would exceed the elastic limit. 

With regard to exceeding the elastic limit, no harm is done as 
long as we deal with a fairly constant pressure in the pressure 
vessel. When the elastic limit is exceeded, in simple theory 
those parts which are more highly stressed can yield and can shift 
the stress to their neighbors which are not stressed so highly. 
Then if we have a material which does not flow-harden to any 
extent, no harm is done. We must never forget that the shrink 
links in flywheels always work at the elastic limit. All the 
rivets in bridges are continually stressed to the elastic limit, and 
yet we are not afraid to walk across the bridge on account of that 
fact. 

Boiler tubes and other boiler parts are strained beyond the 
elastic limit due to heat expansion and contraction, and yet 
nothing untoward happens. 

Matters are different if we use a material which does not possess 
sufficient deformability beyond the elastic limit or which by form- 
ing below the critical temperature has been stressed in such a 
way that its additional deformability is limited; in that case a 
crack may easily occur. 

From the fact mentioned by Mr. Williams that the crack runs 
radially outward and then becomes peripheral or circumferential, 
the writer judges that there is an initial stress in the corner of the 
dome. The circumferential crack may be due to the residual 
stresses left over from the fabricating of the material. If the 
material is bent below the critical temperature, and is bent so as 
to get a permanent set, then and in that case the stress distribu- 
tion in the bent plate is as indicated in the left-hand part of Fig. 
22. The stress distribution then consists of approximately two 
rectangles. The instant the bending action stops, the material 
of the curved plate springs back to such an extent that no free 
moment is left. The back spring is elastic, with the result that 
the stress distribution in the plate after bending is as indi- 
cated at the right of Fig. 22. In other words, we have residual 
stresses. 

Now, if we put the pressure on the vessel, we can readily exceed 
the elastic limit in the bent section, although our calculations 
apparently show that we are safely below the elastic limit. If the 
pressure in the vessel goes up and down, we may even have alter- 
nations of stress in places where we do not expect a change in 
direction of stress. 

With regard to the fact mentioned by Mr. Williams that some 
of the domes broke while others did not break, it should be stated 
that steel is not a homogeneous material. It is full of phos- 
phides, sulphides, oxides, and sand, not to mention small par- 
ticles of refractory material which may have been torn loose from 
the lining of the ladle or the pouring nozzle. If a piece of foreign 
material happens to be at the region of very high stress, we have 
another very high concentration of stress, because the foreign 
particles are as a rule rather jagged, which means that the stress 
is magnified by more than three. This fact would easily explain 
the circumstance mentiened by Mr. Williams in his discussion 
that only a certain number of the steam domes let go, whereas 
others held and stood the tests very well. 
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Groner W. Warts" anp W. R. Burrows.”? The problem of 
reinforcement of vessel openings has been actively discussed for 
several years, but prior to this 
paper, no work of sufficiently 
general character to establish 
the problem on a sound basis 
has been published. Isolated 
measurements of strain have 
been available and also some 
theory, but much of the latter 
appears to have been developed 
from statical rather than from 
elastic considerations. Perhaps 
the necessities of construction 
that have produced the empiri- 
cal rules for reinforcement have 
retarded rather than advanced 
a knowledge of this subject. 

The paper exhibits a thorough 
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understanding of the underlying theory. The correction of the 
relationship between stress and strain for two-dimensional stress 
systems has not been over-looked. Important points that are 
emphasized are: 

1 Rigidity as well as strength is required by reinforcement. 

2 Reinforcing metal should be concentrated nearer the 
opening than is now customary. 

3 The possibility of the use of excessive reinforcing metal 
exists. 

These points do not seem to have received much previous at- 
tention, but confirm the writer’s conclusions. 

Perhaps an easy method of visualizing reinforcement is to con- 
sider an unstressed shell with a set of concentric circles drawn on 
its surface. When the shell is subjected to internal pressure, the 
circles become slightly elliptical, but this deformation is com- 
parable with that in other parts of the shell not near points of 
localized stress. For purposes of this illustration, these deformed 
circles will be designated as normally strained circles. If it is an 
experimental possibility to remove the shell metal inside one of the 
circles and still subject the shell to internal pressure without re- 
inforcing the shell metal around the hole, the circles will be 
strained beyond their normal deformation. Perfect reinforce- 
ment will maintain all the circles in their normally strained con- 
dition, but if any of these circles are strained either more or less 
than that designated as normal, the reinforcement is not perfect. 
Although this illustration neglects flexural strains, it is accurate 
enough to establish the importance of rigidity. No matter how 
large is the reinforcement or how strong is the reinforcing metal 
statically, it does not constitute perfect reinforcement unless the 
normal deformation of the circles is maintained. 


19 Chief Engineer, Standard Oil Company (Indiana), Whiting, 
Ind. Assoc-Mem. A.S.M.E. 

20 Designing Engineer, Standard Oil Company (Indiana), Whiting, 
Ind. Jun. A.S.M.E. 
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The discussion of elastic analogs is of considerable interest, and 
while these analogs do not represent a perfect picture of vessel 


_ reinforcement, they are, as pointed out in the paper, ‘‘approxi- 
'. mate enough to serve for comparative purposes.” 


An investiga- 
tion of these analogs has been in progress in the Engineering De- 
partment of the Standard Oil Company of Indiana since 1929. 
In 1930 stress and strain equations, similar to those given in the 
paper, were developed for the analogs shown in Figs. 23 and 24. 
The basis of calculation for the analog shown in Fig. 24 is that at 
the juncture of the plate and ring the total radial load per inch 
of circumference of the juncture is the same for both the plate 
and the ring, and uniformly distributed over the edge of each. 
Naturally this assumption becomes decreasingly accurate as the 
ratio of the ring and plate thicknesses increases. Stresses de- 


. rived from the analog of Fig. 24 are plotted in Fig. 25. This 


chart shows that perfect reinforcement is attained at approxi- 


- mately the following conditions: 


External radius of ring _ 1.35 
Internal radius of ring ave 


Thickness of ring 


Thickness of plate rae 


However, when the thickness of the ring is 4.5 times that of 
the plate, the validity of the assumed conditions of stress and 
strain at the juncture of the plate and ring appears extremely 
doubtful. Owing to the inaccuracy of these assumptions, the 
chart probably is of no great value, but it appears to indicate the 
advantage of massing the reinforcement nearer to the opening. 

To eliminate to some extent the doubtful assumptions of the 
analog of Fig. 24, a more accurate elastic analog, shown in Fig. 26, 
has been studied. Here the component parts are the infinite 
flat plate, the conical fillet ring, and the flat ring. While the 
assumptions of this analog are by no means perfect, they are 
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certainly more accurate than those for Fig. 24, as long as the 
angle remains reasonably small. 

The conditions of equilibrium are that the radial and tangential 
stresses and displacements of each element must be equal at each 
of the two junctures. These conditions are eight in number, but 
immediately reduce to four, because the displacement equations 
for the three elements are identical and depend on the stresses. 

The equations for the infinite flat plate and for the flat ring are 
drawn as before from the results of Lamé. It is not necessary to 
employ the Airy stress function for this special symmetrical case 
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of the infinite flat plate; Lamé’s results with an infinite external 
radius suffice. 

The equations for the fillet ring are obtained from Martin’s 
solution of the conical disk (Hngineering, London, Vol. 115, Jan., 
1928, p. 1). The differential equation is of the hypergeometric 
form. Consequently, the solution is the hypergeometric series 
(A. R. Forsyth, ‘‘A Treatise on Differential Equations,” Ed. 6, 
1929, p. 210, and others). This series solution does not compli- 
cate the problem excessively, but adds to the tedium of the com- 
putations. Martin’s results, required for this problem, are given 
in Table 3. 

The important stresses are those at the juncture of the infinite 
flat plate and the fillet ring and at the edge of the hole. Of these 
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four stresses, it is sufficient to calculate the tangential stress at 
the edge of the hole, and the radial stress at the juncture of the 
infinite flat plate and the fillet ring. The remaining two stresses 
follow at once from the first two. To make the study more com- 
plete, the effect of internal pressure on the edge of the hole is in- 
troduced. 

The notation necessary for a brief statement of the equations 
involved in the stress-and-strain solutions of the analog of Fig. 26 
is as follows: 


T = unit tangential stress at any radius 
R = unit radial stress at any radius 
+ =T/S 
p = R/S 
a, s, and - = specific radii (used with the foregoing) 
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S = unit stress in flat plate at infinite dis- + = tension 
tance from hole — = compression 
P = unit internal pressure 
U = radial displacement 
E = modulus of elasticity 
o 
a 
b 
c 


For the determination of the two important stresses the neces- 
sary relations are: 


= Pacers aie For an infinite flat plate: 


= radius of hole 
= external radius of flat ring k= S -- a (R- — S) 
= external radius of fillet ring 


ford 
T = 4(R, = 8) 
r2 
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For the three elements: 


U = 5 (T—oR) 


To make the stresses equal at the junctures of the elements, 
four simultaneous equations are available: 
APtc ae Bpve = RK. 
Adc + Bare = 2S — R- 


is [6 | 6.71 [20]. z ; | 1.32| 1.55 | Apis — Bp» = Rr 
13 as at 11.05|22/4.5| 2.380 | ; : ; 3 i Ageep 2P + Ri(K? + 1) 
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Q = radius of periphery of conical disk ex- Additional relationships are: 


tended T 2R,.K2 + P(K? + 1) 
a = angle of fillet lea Koes 
eee SR: 
Kp = b/Q 
K. = ¢/Q The method of solution is to express the various stresses, and 
r = any radius the internal pressure, as ratios of the stress S at infinity. Then, 
T» = thickness of plate by means of determinants, and six additional functions derived 
T, = thickness of flat ring from Martin’s four functions, the following stress expressions are 
Pi, Po, VQ, ¥2 = Martin’s stress functions for a conical obtained: 
disk Pp 
I, II, IIT, IV, V, VI = extensions of Martin’s functions G yi ut | — + 9K°VI, 
A, B = constants of integration ee S 
c KI — II 
TABLE 3 MARTIN’S FUNCTIONS P 
r/Q —r pm u qe 16 We = 
1.00 @ 0.0000 © 2.051 rN, AG, 
0.95 20.645 0.0555 8.890 2.140 jy = 
0.90 10.620 0.1203 5,554 2.263 Kal — If 
0.85 7.263 0.1995 4.276 2.421 
0.80 5.563 0.2971 3.557 2.614 Te = 2— pe 
0.75 4.559 0.4161 3.111 2.835 
0.70 3.860 0.5670 2.794 3.102 P 
0.65 3.390 0.7523 2.556 3.419 pa=— 
0.60 3.021 0.9988 2.369 3.816 ‘S 
0.80 © Bhot «sas 309040 
5 if ii 2: : } b 1 
0.45 2.311 2.328 1.983 5.788 The six extensions of Martin’s functions are defined as follows: 
0.40 2.151 3.158 1.890 6.915 
ce te eae. mi 
; ; 6.371 : : jes oes ta, ets 
0.25 1.796 9.553 1.674 14.88 I = g(Pre + gre) — qu6(Q2e — Pre) + > 
0.20 1.707~ § 15.54 1.617 21.91 
cB ie Be le Be 1 
. 559 66 : : 
0.05 11497 273.40 1.475 288.60 IT = g(pre + dre) — o(Gee — Pre) — “> 
0.00 1.435 o 1.435 oo 


APPLIED MECHANICS APM-56-3 139 


TABLE 4 EXTENSIONS OF MARTIN'S FUNCTIONS 


er, ee ee 


Ke Kp Tr/Tp vk II I IV V Ko & Ke VI 
0.95 0.95 1.000 89.3474 0.0000 89.3474 89.3474 89.3474 0.95 89.3474 
0.95 0.90 2.000 80.9509 29.5700 51.3809 97.8441 90.2674 0.90 49.4024 
0.95 0.85 3.000 83.6229 41.5590 42.0639 107.8689 93.0066 0.85 36.8736 
0.95 0.80 4.000 90.1608 49.4190 40.7418 119.9767 96.6771 0.80 31.1969 
0.95 0.75 5.000 99.0396 55.4541 43.5855 134.0772 100.7278 0.75 28.4385 
0.95 0.70 6.000 110.5860 61.0010 49.5850 151.3747 105.4088 0.70 27.1158 
0.95 0.65 7.000 124.9378 66. 3666 58.5713 172.1404 110.7680 0.65 27.0266 
0.95 0.60 8.000 143.5642 71.9706 71.5937 198.7307 116.9205 0.60 27.7886 
0.90 0.90 1.000 49.4024 0.0000 49.4024 49.4024 49.4024 0.55 29.3134 
0.90 0.80 2.000 51.3824 17.9321 33.4503 61.3491 51.4052 0.50 32.0156 
0.90 0.75 2.500 55.6859 22.6888 32.9971 68.7050 53.2228 0.45 35.9850 
0.90 0.70 3.000 61.6265 26.7436 34.8830 77.6731 55.4444 0.40 41.6856 
0.90 0.65 3.500 69.2536 30.3907 38.8629 88.3978 58.0713 0.35 50.2521 
0.90 0.60 4.000 79.2716 34.0162 45.2554 102.1095 61.1342 0.30 63.4840 
0.90 0.55 4.500 91.8418 37.7862 54.0555 119.0323 64.7411 0.25 85.4324 
0.90 0.50 5.000 109.0362 41.9359 67. 1003 141.9330 69.0938 0.20 125.0571 
0.90 0.45 5.500 131.9710 46.7613 85.2097 172.3049 74.5235 0.15 208.7021 
0.80 0.80 1.000 31.1969 0.0000 31.1969 31.1969 31.1969 0.10 443.2174 
0.80 0.65 1.750 39.9746 10.5440 29.4305 45.9143 33.2028 0.05 1670.5984 
0.80 0.60 2.000 45.4216 13.2048 32.2168 53.1820 34.5469 
0.80 0.55 2.250 52.3587 15.8184 36.5403 62.1103 36.2303 
0.80 0.50 2.500 61.9377 18.5562 43.3815 74.1553 38.3423 
0.80 0.45 2.750 74.7779 21.6064 53.1714 90.1037 41.0475 
0.80 0.40 3.000 92.4705 24.9013 67.5692 111.9171 44,2015 
0.80 0.35 3.250 118.2894 28.9335 89.3560 143.6033 48.3784 
0.80 0.30 3.500 157.7910 32.7890 125.0020 191.9508 52.4389 
0.80 0.25 3.750 223.1116 40.5426 182.5690 271.7691 61.3301 
0.80 0.20 4.000 341.7525 50.3930 291.3595 416.6152 72.8477 
0.80 0.15 4.250 595.0413 64.3789 530.6624 725.7121 89.4583 
0.70 0.70 1.000 27.1158 0.0000 27.1158 27.1158 27.1158 
0.70 0.45 1.833 54.8353 12.1375 42.6978 62.2836 31.5806 
0.70 0.40 2.000 67.6874 14.7551 52.9322 77.4676 33.5865 
0.70 0.35 2.167 86.4786 17.8803 68.5983 99.4934 36.3281 
0.70 0.30 2.333 115.2603 20.8522 94.4081 133.0735 39.0099 
0.70 0.25 2.500 162.8865 26.6494 136.2370 188.4844 45.0594 
0.70 0.20 2.667 249.4205 33.9596 215.4608 289.0119 52.9458 
0.70 0.15 2.833 434.1976 44.2753 389.9223 503.5053 64.3761 
0.70 0.10 3.000 957.6145 63.1314 894.4831 1110.8615 85.7845 
0.70 0.05 3.166 3739 .6038 93.6068 3645.9970 4338.6151 120.7142 


ie 2 [p10(Gee — Pac) + P2b(Pre se Qc) J 
IV = 2[pic(p2e + 92s) — Pae(pib — gud) ] 

V = 2[pic(qeo — Poo) + Pac(Prd ae qe) } 
VI = 2(pige + Pom) 


Some values of these functions are givenin Table3. Extensions 
of Martin’s functions are given in Table 4. 

In Fig. 27 and in the table of Fig. 26 a few results of calculations 
of stress in this analog are given. Slight irregularities in the 
curves of Fig. 27 are no doubt due to errors in the calculation of 
the ordinates. These computations are not checked at present, 
but it appears that they are, in general, accurate. An exhaustive 
study of the stress functions has not been made, but in so far as 
the computations are completed, they indicate: 

1 Perfect reinforcement is not attained by this analog. 

2 Excessively heavy reinforcement rings are required for the 
maximum elastic reinforcement. 

3 Considerable reinforcement is provided by rather small 
rings. 

4 A comparison of line 1 and line 6 of the table of Fig. 26 indi- 
cates a considerable advantage in massing the reinforcing metal 
nearer the hole. 

It should be noticed that the values tabulated in Fig. 26 are for 
the same example discussed by the paper. Variations in the 
size of the hole and the thickness of the metal may have a con- 
siderable influence on the shape of the optimum reinforcement. 
These points have not been investigated. It should be noticed 
also that the fillet ring assumed for the analog of Fig. 26 is a part 
of a conical disk. It is possible to employ a fillet ring with 
curved fillets by using Stodola’s solution (Prescott, ‘Applied 
Elasticity,’ 1924, p. 343). It may be possible to extend the 
methods described in this reference to determine a better profile 
for reinforcing rings. 

If it is reasonable to draw conclusions about the reinforcement 
of openings in vessels from the elastic behavior of this analog, it 
might be said in conclusion that: 

1 It does not appear practicable to attempt to reduce the 
elastic stresses below 130 per cent. 

2 For large holes in thin plates, the reinforcement should be 


Stress Expressed in Percentage of Stress in Uncut Plate 
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massed nearer the hole; for small holes in heavy plates, the 
reinforcement should be extended further from the hole. 

3 The conclusions of “2” may make practicable the design of 
integral nozzle and reinforcement units by reducing the external 
diameter of the reinforcement and giving a reasonable length to 
the welded butt joint. While these joints have the advantage 
that they can be X-rayed, they are very difficult to make by 
welding. 

4 The fact that elastic stresses in excess of 100 per cent are 
indicated or observed does not mean that yielding before failure 
in a test to destruction will not sufficiently redistribute the 
stresses to cause ultimate failure in the uncut shell rather than 
at the hole. 

Additional relationships that may prove helpful in further 
studies of this problem are: 


Thickness of ring 1—Ks 
Thickness of plate “1 


Area ring and fillet (Ke— Ks)(KK» + KK. — 2K») 
m 2Ki(1 — Ke) 


Area hole 


T. McLnan Jasper.2! The paper represents an attempt at 
analyzing stresses in openings which may be helpful in the work 
of design. Could the author state if the vessels before testing 
were completely strain relieved? Obviously, this could not be 
done with the riveted connections. 

The writer has discovered that in making tests of this kind the 
strains cannot be interpreted in terms of stress without running a 
risk of very much overestimating them in certain spots and un- 
derestimating them in others. He has insisted in going to the 
yield value of the steel in the vessel. This of course involves 
distortion. Finally, we have been able to test each vessel to de- 
struction, and this has confirmed our general test data. Inci- 
dentally, we have so tested 21 full-size vessels, and most of them 
with appropriately designed reinforcing, which allows us to 
readily state that the openings are as strong as the plain cylinder. 

In testing designs, we have almost completely discarded the 
strain gage and substituted lime wash to indicate the zones of 
first yield in various parts of the design. This eliminates as- 
sumption with reference to interpreting the test results. This 
was first done in conjunction with strain-gage measurements in 
which the obvious assumptions were used to interpret stresses in 
terms of strains. We discovered that our calculated stresses 
from strain-gage readings below the yield point did not check 
with the yielding of the lime wash nor with the final failure of the 
vessels. We therefore in subsequent tests put more reliability 
on the lime-wash experiments, and finally abandoned the strain- 
gage measurements altogether as being misleading at crucial 
points. Most of our test vessels were also strain-relieved before 
the tests were performed. 


AutHors’ CLOSURE 


At the time when the equipment was designed for these tests, 
and the first tests were run and preliminary reports worked up, 
the 1930 edition of the Boiler Code was in force. This edition 
was therefore used as a guide by the authors, and computations 
of maximum allowable working pressures, maximum permissible 
diameters of unreinforced holes, ete. were based upon the rules 


21 Director of Research, A. O. Smith Corp., Milwaukee, Wis. 
Mem. A.S.M.E. 
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set forth in this edition in its original form. As addenda sheets 
were issued from time to time, some of these rules have been 
modified. In particular, par. P-268 has undergone a major 
revision. 

It would be interesting to compare the reinforcement values of 
the various nozzles on the basis of the new rules with those in 
force three years ago. This, however, is really a side issue. 
The point to be noted is the use in the new rules of an important 
principle—namely, the concentration of all reinforcement within 
a definitely limited area bordering the hole. This is in exact 
agreement with the authors’ conclusions, and, in their belief, 
marks a notable step forward in the progress of safe pressure- 
vessel design. In this connection, the authors wish to express 
their deep appreciation of Mr. Obert’s remarks and to state that 
it has been a pleasure to cooperate with the Boiler Code Com- 
mittee in the solution of some of its problems. 

Dr. Wahl’s point regarding the measurement of curvature is 
well taken. There are undoubtedly marked differences between 
the tensions on the outer and inner skin of a vessel adjacent to the 
hole edge, but for a first study of the problem, it seemed to be 
hardly worth while to make any investigation beyond the outer 
skin. The authors admit that they have made little more than a 
start toward the solution of the problem, and in later investiga- 
tions would probably consider measurements of curvature. 

Professor Trinks has, we believe, pointed out the two most 
important causes of Mr. Williams’ difficulties—namely, high 
stress concentrations around the steam-dome opening for the 
cover plate and loss of strength at the knuckle due to cold work- 
ing. In addition, it is suggested that breathing at the knuckle 
could be minimized by better reinforcement of the main boiler 
shell at the point where the dome is attached to it. Possibly 
some of the designs to which Mr. Williams refers would not 
measure up to the requirements of par. P-268 (b) of the 1933 
Boiler Code. 

Messrs. Watts and Burrows have evidently been doing some 
searching analytical work along the same lines that the authors 
have pursued, and it is gratifying to learn that they have, quite 
independently, reached the same general conclusions. The elas- 
tic analogs have been worked out in great detail, and it is hoped 
that they will be studied by designers who wish to make a more 
than usually careful analysis of their reinforcements. Another 
analog worth investigating is the combination of an infinite flat 
plate with a hole at its center, joined to a tube of infinite length; 
in this case the equations for a beam resting on an elastic founda- 
tion, with specific moments and shears at one end and zero loading 
at the other end, would hold. 

In reply to Dr. Jasper’s inquiry, the authors would state that 
the nozzles which were acetylene-welded to the shell were stress- 
relieved locally. In the last two tests the nozzles were electric- 
welded and were subsequently stress-relieved by bringing the 
entire vessel to the proper temperature. ‘The lime-wash treat- 
ment certainly gives a good indication of the commencement of 
plastic strain, but in the present tests the authors wished to 
determine local stress distributions for a large number of different 
set-ups with the same vessels, and therefore did not wish to 
subject the vessels to the repeated overloads that the lime-wash 
method would have entailed. As a matter of fact, the vessel in 
test 116 was lime-washed, but the locations of initial plastic yield 
evidenced by cracking of the wash did not conflict with what 
would have been predicted from the strain-gage readings or 
adduce any facts with regard to the state of stress in the vessel 
that were not already known. 
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Graphostatics of Stress Functions 


By H. M. WESTERGAARD,! URBANA, ILL. 


Graphostatics is interpreted here in the broader sense, 
as statics in which geometry playsa part. A stress func- 
tion defines stresses or forces by its values or derivatives. 
If a stress function associated with points of a horizontal 
plane is represented by elevations above this plane, a stress 
surface is obtained. The geometry of such surfaces has 
useful applications. Ordinarily, the stress functions are 
introduced through the differential equations of equilib- 
rium, and thereafter one may derive the geometry of the 
stress surfaces. Instead, one may define the stress sur- 
faces by some of their geometrical properties, and after- 
ward derive the differential equations. This scheme offers 


A—TWO STRESS FUNCTIONS FOR TRANSVERSE SHEARS 
IN SLABS 


IG. 1 shows a part of a horizontal 
slab. The slab need not be homo- 
geneous and elastic. Within the 

region R, which is bounded by a single 
curve, there must be no vertical external 
forces, but there may be horizontal ex- 
ternal forces. Points 0, m, and n, and the 
curves C and C’ drawn from m to n lie 
within the region. Let Qmnand Q'mn repre- 
sent the sums of the vertical shears on 
the vertical sections along the curves C 
and C’. The rule is adopted that such 
shears are taken positive upward when acting on the part on the 
left of the curve, the direction of the curve being indicated by 
the order of the letters in the double index. Equilibrium of 
the part of the slab between the two curves requires that Qmn 
= Q'mn. If C isreplaced by some other curve from m to n within 
the region, the total vertical shear remains the same. Thus Qmn 
depends only on the points m and n, and one may say that Qmn 
is the total vertical shear transmitted between m andn. Simi- 
larly, Qom is the total vertical shear between points o and m, 
and Qon is the total vertical shear between points o and n. 

’ The stress surface f is now constructed by the following rule: 
The elevation at point o is chosen as fo. Then the elevation at 
any point m is defined as fm = fo + Qom. By this rule the eleva- 
tion at point n becomes fn = fo + Qon. It follows that the rise 


of the surface from any point m to any point n becomes fn — fm = 


1 Professor of Theoretical and Applied Mechanics, University of 
Illinois. Harald Malcolm Westergaard was born on Oct. 9, 1888, in 
Copenhagen, Denmark. He received B.S. in Civil Engineering from 
the Royal Technical College, Copenhagen, in 1911; was engaged in 
the design of reinforced concrete in Copenhagen, Hamburg, and 
London in 1911 to 1914; studied in Gédttingen in 1913, in Munich in 
1914, and at the University of Illinois 1914 to 1916; received Ph.D 
from the University of Illinois, 1916; Dr.-Ing., Munich, 1925; Dr. 
Techn. (honorary), Copenhagen, 1929; and D.Sc. (honorary), Lehigh, 
1930; has been on the faculty of the University of Illinois since 1916; 
assistant professor, 1921; professor of theoretical and applied me- 
chanics, 1927; was senior mathematician 1929-1930 and consulting 
engineer 1930-1932 in the U. S. Bureau of Reclamation, dealing with 
structural problems of Boulder Dam. He has written papers on 
structural mechanics and the theory of elasticity. 

Contributed by the Applied Mechanics Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Turn AMERICAN Society OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


advantages in economy of thought, and is used here. The 
following stress functions are considered: (A) Two stress 
functions for transverse shears in slabs. (B) Prandtl’s 
stress function for torsion. (C) Timoshenko’s stress func- 
tion for the bending of beams. (D) The deflection of an 
elastic slab as stress function for the moments, shears, 
(E) Airy’s function for a plane state of 
stresses in a slice. Discussions of the following subjects 
are added: (F) The analogy of slabs and slices. (G) 
Elastic weights for deformations of slices found as reac- 
tions in slabs. (H) Influence surfaces for moments and 
shears in slabs determined as Airy’s surfaces for slices. 


and reactions. 


Qon — Qom = Qmn. With m and n close together, the vertical 
shear per unit of length of the section will be represented as the 
slope of the surface in the direction mn. A section following a 
contour line (curve of constant elevation) on the stress surface 
will be without vertical shears. The contour lines define “paths 
of travel of shear.” If contour lines are drawn for equal small 
intervals of elevation, their density represents the intensity of 
shear. Areas of the type /xdf, obtained in plane vertical sec- 
tions through the stress surface, represent moments of the vertical 
shears. Thus the shaded area in Fig. 2 is equal to the sum of the 
moments of the vertical shears between A and B with respect to 
point O, and the resultant of these shears will be located as shown 
in Fig. 2. 

The second function to be considered is defined as a function of 
deformations, but it becomes a stress function when the material 
is elastic, homogeneous, and isotropic. The usefulness of this 
stress function has been shown especially by A. Nadai.? It is 
required that there be no horizontal loads and reactions within 


NOTATION 
x, y, 2 = rectangular coordinates, z vertical 
£, , ¢ = displacements in the directions of a, y, 


and z 

= normal stresses (positive as tension) 

and shearing stresses in the directions of 

x, y, and z 

strains and detrusions in the directions of 

Z, y, and z 

M:, My, Mzy, = bending moments and twisting moment 
in a slab in the directions of # and y, per 
unit of width of section 


Oxy Ty, Tz, Tryy Tyz, Tex 


€z, €yy €2) Yeu» Yuz) Yer = 


f, F, ¢ = stress function, identified with points of 
a horizontal plane; elevation of a point 
on the stress surface 

E = modulus of elasticity in tension and com- 
pression when the material is elastic 

u = Poisson’s ratio when the material is elas- 
tic 

h = thickness of slab 

N = Eh3/12(1 — pw?) = measure of stiffness 


of an elastic slab 
A = operator defined by Equation [2]. 


2 A. Nadai, ‘‘Die elastischen Platten,” 1925, p. 21, Equations [36], 
and pp. 87 to 106. See also, H. M. Westergaard, ‘““Computation of 
Stresses in Bridge Slabs Due to Wheel Loads,’’ Public Roads, vol. 
11, March, 1930, p. 1. 
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the region considered, but there may be vertical loads and re- 
actions. The proportions of the slab and the distribution of the 
load must be such that the ordinary theory of slabs may be ap- 
plied, which permits ignoring the influence of deformations due to 
vertical shears and the influence of stretching of the middle sur- 
face. The particular stress function may be written as 


in which WN is the measure of stiffness (see ““Notation’’), ¢ is the 
deflection, and 


The vertical shears per unit of length in sections in the directions 
of —y and z are found to be equal to the slopes 0¢/dxz and 


A a IIa OF oe ae, 


Fic. 1 Srress SURFACE FOR TRANSVERSE SHEARS IN A SLAB IN A 
ReGion WitTHouT VERTICAL Loaps 


Oy/dy, respectively. It follows that the vertical shear per unit 
of length in any section will be equal to the slope of the surface 
in a direction making an angle of 90 deg with the section. 

If the slab is elastic, homogeneous, and isotropic, and if there 
are neither vertical nor horizontal external forces within the re- 
gion considered, then both f and y may be used. A. Nadai? in- 
troduced the function f in this case through its relation with ¢, 
and he showed the geometrical significance of the two functions 
used jointly. It follows from the representation of the shears in 
the slab by slopes on the two stress surfaces that contour lines 
on the surface f will appear as lines of greatest fall on the surface 
yg, and vice versa. Also, the two surfaces will have the same 
maximum slope at any point of the slab. From these properties 
it follows that f and ¢ may be interpreted as the real part and the 
imaginary part of an analytic function of the complex variable 
xz + ty, so that one may write 


¥(e + ty) =f(a, y) +t¢(@, y)......2..00.- [3] 


which gives Af = Av = Oand A% = 0. 

The surfaces f and ¢ supply pictures of the structural action 
of slabs. The surface f serves the additional purpose of applica- 
tions to the following twq problems. 


3 Loc. cit., pp. 89-106. 
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B—PRANDTL’S STRESS FUNCTION FOR TORSION 


L. Prandtl‘ showed in 1903 that the shearing stresses in the 
cross-section of a straight elastic member in torsion may be repre- 
sented as slopes of a soap film which is extended over a hole in a 
plane plate; the hole having the shape of the cross-section of the 
member and the film being deflected by a slight excess pressure 
on one side. The film serves as a stress surface. 

Prandtl’s stress surface for torsion may be introduced in the 
following way: Consider a straight vertical solid member sub- 
ject to torsion. 'The member need not be homogeneous or per- 
fectly elastic. It is assumed only that if vertical normal stresses 
oz occur, they are independent of z. Consider a horizontal slice 
through the member. Let the thickness of the slice be one unit, 
this unit being assumed small. The slice may be interpreted as a 
slab without vertical loads, as dealt with in Fig. 1. The stress 
surface f applies again; it becomes the stress surface for torsion, 
defining both vertical and horizontal shearing stresses. Since 
the edge of the slice may be considered as a section in the slab, 
and since there are no vertical shears on this section, f will be 
constant at the edge. It is convenient to choose f = 0 at the 
edge. Then the stress surface defines a stress hill with its base at 
the elevation zero. 

One may choose the directions of z and y after the stress hill 
has been obtained. When z is positive upward, the shearing 
stresses on the top of the slice in the directions of x and y become 


a £98, eyo eee! 
ser, Ts. = See eee [4] 


T2x 

By considering horizontal slices of this stress hill, Prandtl 
showed that the total twisting moment is twice the volume of the 
hill. It is profitable also to consider a vertical slice of the hill. 
By the principle shown in Fig. 2 the resultant of the horizontal 


and position 


G i; magnitude 


Rectangle with area equal fo the shaded 
area 


Fic. 2. RESULTANT Q4p OF THE VERTICAL SHEARS IN A STRAIGHT 
SrecTion From A to B 


(The shaded area is equal to the sum of the moments of the vertical shears 
with respect to 0.) 


shear components perpendicular to the vertical slice at the base of 
this slice is a couple, equal to the volume of the slice. It follows 
that the resultant of all shear components acting in this direction 
on the whole cross-section of the member will be a couple equal 
to the volume of the stress hill, and this couple is one-half the 
total twisting moment. To illustrate: When the cross-section is 
a long rectangle, it follows that the shearing stresses parallel to 
the long edges account for one-half the twisting moment; the 
shearing stresses parallel to the short edges, which act mainly at 
the ends of the rectangle, account for the other half. 

When the material is elastic, homogeneous, and isotropic, it is 
found that the stress function is governed by the equation, 
—Af = twice the modulus of elasticity in shear times the angle 
of twist per unit of length. Prandtl pointed out that this equa- 

4L. Prandtl, ‘‘Zur Torsion von prismatischen Stiiben,’”’ Physt- 
kalische Zeitschrift, vol. 4, 1903, p. 758. 

5 See, for example, A. and L. Féppl, ‘‘Drang und Zwang,”’ vol. 2, 


second edition, 1928, p. 50; or, A. Nadai, ‘‘Plasticity’” (Engineering 
Societies Monographs), 1931, p. 130. 
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tion is analogous to that governing the soap film. A. Nadai® 
obtained the stress function f for the case in which the shearing 


_ stress has reached a constant yield point everywhere in the mem- 


ber. He represented the stress hill by a sand hill with constant 
slope, or the stress surface by a roof with a constant maximum 
slope. Furthermore, by assuming a shear-detrusion diagram con- 
sisting of a straight line up to the yield point and thereafter a 
horizontal line, he obtained for the intermediate stage a repre- 
sentation of f by a roof and a membrane: the constant maximum 
slope of the roof represents the yield point; the membrane is 
inflated from below and deflects to begin with like Prandtl’s 
soap film, but later it will touch a greater and greater area of the 
roof. 

The extension of the geometrical principles to apply to hollow 
members is simple: Prandtl pointed out that the stress function f 
must be constant at the edge of any hole in the cross-section; the 
stress hill has a plateau over each hole; and in computing the 
volume of the stress hill the parts under the plateaus are included. 
Prandtl also stated that in case of elastic action the vertical 
force per unit of area must be the same on the flat part repre- 
senting the hole as on the soap film.?. As an example of the treat- 
ment of hollow sections, Fig. 3 shows the contour lines of Nadai’s 
roof in case of a circular section with an eccentric circular hole. 
The elevation of the plateau is equal to the yield point times the 
shortest distance from the outer boundary to the edge of the hole. 
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Fig. 3 Exampie oF Napat’s Roor ror Piastic Torsion 
(Cylinder with eccentric hole.) 


A ridge is formed by the intersection of two cones. This ridge 
appears in the horizontal projection as an ellipse with foci at the 
centers of the two circular boundaries. 


C—TIMOSHENKO’S STRESS FUNCTION FOR THE 
BENDING OF BEAMS 


Fig. 4 shows a vertical cantilever loaded at the top by the forces 
P and Q in the directions of y and z, and by a twisting couple 7. 


6 A. Nadai, ‘“‘Der Beginn des Fliessvorganges in einem tordierten 
Stab,” Zeitschrift fiir angewandte Mathematik und Mechanik, vol. 3, 
1923, p. 442; also his book, ‘‘Plasticity,’’ 1931, pp. 1382-143. 

7 A proof is given by A. and L. Féppl, ‘‘Drang und Zwang,”’ vol. 2, 
second edition, 1928, p. 82. 
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Saint-Venant® showed in 1856 that when the material is elastic, 
homogeneous, and isotropic, a solution exists in which the vertical 
normal stresses on any cross-section are proportional to the dis- 
tance from a neutral axis, as in the ordinary theory of beams, and 
in which the horizontal stresses on any vertical section are zero. 
The problem that remains, then, is to determine the shearing 
stresses on the cross-sections. Saint-Venant solved this problem 
in a number of cases. 


In 1921, S. Timoshenko® introduced a 
7a 


Fig. 4 VERTICAL CANTILEVER 
(Shearing stresses to be determined by Timoshenko’s stress function.) 


stress function which is particularly suitable for determining the 
shearing stresses on the cross-sections. This stress function is 
represented by a non-uniformly loaded membrane with a plane 
boundary. A variant of this stress function can be represented 
by an unloaded or uniformly loaded membrane or soap film, the 
boundary of which is a space curve which can be determined in 
advance. This scheme was applied by P. A. Cushman in an ex- 
perimental investigation presented in a doctoral thesis at the 
University of Michigan in 1932, under the direction of Professor 
Timoshenko. He used unloaded soap films stretched over holes, 
the edges of which had been distorted properly in advance. 

Assume that oz = oy = try = 0, asin Saint-Venant’s theory. 
Assume furthermore that the fiber stresses oz have the same dis- 
tribution on all cross-sections, so that one may write 


8 See, for example, A. E. H. Love, ‘‘Mathematical Theory of Elas- 
ticity,”’ third edition, 1920, chap. XV. 

9S. Timoshenko, ‘‘A Membrane Analogy to Flexure,’’ London 
Mathematical Society, Proceedings, ser. 2, vol. 20, 1921, p. 398. 
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= (Ba WAGED oncde sehen nove. « (5] 


In most applications p must be assumed to be a linear function of 
zx and y, but if the fibers have different stiffness, as, for example, 
in reinforced concrete (not yet cracked), p may be a non-linear 
function of zand y. It follows, from the assumptions made, that 
rez and rey Will be functions of z and y only. Now consider the 
horizontal slice S in Fig. 4. Its thickness is one unit, and this 
unit is assumed small. The slice may be interpreted as a slab 
which carries a vertical load equal to the difference between the 
stresses oz on the top and the bottom. This load is seen to be 
equal to p in Equation [5], per unit of area, positive upward. 
The slab is loaded additionally by the horizontal shears rz and 
rx, on the top and bottom, and these stresses appear also as verti- 
cal shears in the slab. The resultant effects in the slab may be 
obtained by superposition of two actions. In action No. 1, 


(&) 


f@) 


Fic. 5 Bounparips oF TIMOSHENKO’S STRESS SURFACE FOR A 
RxEcTANGULAR Cross-SECTION 


the loads p are balanced by a set of shearing stresses r’, which 
may include vertical shears q’, appearing as reactions at the edge 
of the slab. In action No. 2, vertical shears g” = —q’ are ap- 
plied at the edge of the slab, but the slab carries no vertical loads 
distributed over the area. Consequently, a stress surface f for 
shears in slabs, of the type shown in Fig. 1, will define the corre- 
sponding vertical and horizontal shears 7”. In this application 
the function f becomes Timoshenko’s stress function for bending. 
After obtaining a suitable set of stresses r’ for action No. 1, the 
values of f at the edge may be computed by the formula 


Sedge ee aS praise q'ds 2 Uftatce (r'sydx = 722d y) . Ny are {6] 


When f is known, the stresses in the combined action may be 
computed as 


of ; of 


Tex = T'ez Nees TEU ORY ae am opeze ,0'e, 0) «eye (7] 


Assume now that the material is elastic, homogeneous, and 
isotropic. Then p is a linear function of x and y. Timoshenko 
showed how in this case one may obtain f = 0 at theedge. The 
following scheme is also convenient: The stresses in action No. 1 
are chosen so that they maintain not only equilibrium, but also 
geometrical continuity of the material. Then the stresses in 
action No. 2 must maintain equilibrium and geometrical con- 
tinuity. Since the vertical normal stresses are zero in action 
No. 2, the stresses 7"sz and r",, must be governed by the equations 
for elastic torsion except the boundary conditions. That is, 


in which C isa constant. C will be zero for a particular value of 
the twisting couple 7, possibly when 7 = 0. When C = 0, the 
surface f may be represented by an unloaded soap film, as in 
Cushman’s investigation. 

To obtain simple expressions for the stresses in action No. 1, 


let the neutral plane be taken as the zz-plane. In this case 
Py 
p= POLE Me ORAS [9] 
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in which J is the moment of inertia of the cross-section with re- 
spect to the neutral axis. Then one finds by substitution in the 
proper equations that the requirements of equilibrium and geo- 
metrical continuity are satisfied by the following two solutions, 
in which a and ¢ are arbitrary distances: 

Solution (a): 


B m a? 
T 2 "ey == joe 2 y? eT 2 — ate 1 
be ap rele | [10] 
Solution (0): 
uP P 2 2 
pale . fe =——— @— gee 
j Gam% **-sa+at” oe 


As an illustration, consider the rectangular cross-section in 
Fig. 5. Equations [10] and [6] give 


= pe | eee] 3 = 
fy=xc 6 +a (x Ox), emai Osean {12} 
while Equations [11] and [6] give 
sa we pPa : fs 
fy=ac = 9, Sx =a a Tenis 2); aceol 


Fig. 5 shows the complete boundaries. Knowing the boun- 
daries, one may visualize the soap film. With 7 = 0, the soap 
film is unloaded. In this particular problem the surfaces f 
may be determined easily by computation. For example, with 
the boundary in Fig. 5 (6), one finds 


: ih nT. 
Sinn: -—— ‘Cos. 
Maes » ; eves Be aah is 2c 
r(1 + u)Je 4 nna Py 


which leads to convenient expressions for the stresses by Equa- 
tions [7] and [11]. 


ae 


D—THE DEFLECTION OF AN ELASTIC SLAB AS STRESS 
FUNCTION FOR THE MOMENTS, SHEARS, AND 
REACTIONS 


In ease of a slab of elastic, homogeneous, and isotropic mate- 
rial,!° the bending moments, twisting moments, transverse shears, 
and the reactions can be expressed in terms of second and third 
derivatives of the deflections {, with the stiffness N (see ‘‘Nota- 
tion’’) and Poisson’s ratio » entering in the formulas. The elastic 
surface ¢, therefore, is a stress surface. 

The bending moments M;z and My and the twisting moment 
M,,, in the directions of « and y per unit of width of the section 
are expressed by the equations 


Bey lve ne Ay urate. hy faicn nin 
Mz = N (2 ap lad a), M; = N (@ be =) 
‘eee (15] 
oO? 
Me ee oe oe eles en Oe [16] 


It was mentioned in section A that the transverse shears are de- 
rivatives of the function —N A¢ (Equation [1]). The reaction 
at an edge parallel to the axis of x consists, in the general case, 
of shears V,, bending moments M,, and twisting moments Mzy. 


10 See, for example, A. Nadai, ‘‘Die elastischen Platten,” 1925, pp. 
20, 21, and 36, or H. M. Westergaard, ‘‘Computation of Stresses in 
Bridge Slabs Due to Wheel Loads,’’ Public Roads, vol. 11, March, 
1930, p. 1. 


Kelvin and Tait showed in 1867 that the twisting moments may 
be replaced by an equivalent set of vertical forces. One may 
imagine one beam bent by the couples Mz, and another beam bent 
“into the same shape by vertical forces. With the twisting mo- 


' ments replaced by vertical forces, the total vertical reaction per 
- unit of length becomes 


OM zy 
oz 


Ry = Vy + 


) 
. f 
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-—w(S+ e+ 

oy’ BY 3x 
In addition, two concentrated forces + M,, are found at the ends 
of the edge. Equation [17] may be applied at any point of the 
slab. Ata distance from the edge, Ry represents an internal re- 


~ action. 


The equilibrium of each element of the slab requires that 


OM, OM ay 
on See hs AS eae 
v = a {18] 
which leads to the additional formula 
OM, OM zy 
a Tote oh cheno = 1 
. oy Oz [19] 


, This equation will be used in section G. 


E—AIRY’S FUNCTION FOR A PLANE STATE OF STRESSES 
IN A SLICE 


Consider a horizontal slice, one unit thick, this unit being 
chosen small. Assume that there are no horizontal shearing 
stresses on the top and bottom of the slice. Assume that the 
variations of the stresses as functions of the vertical coordinate 


n 


Fie. 6 ResuLTANtTs oN Two SECTIONS IN A SLICE 


z are so small within the slice that they may be ignored. Then 
the vertical shearing stresses will be zero, and the remaining 
stresses will be functions of the horizontal coordinates z and y 
only. In 1862, G. B. Airy" introduced a stress function F, in 
terms of which the horizontal stresses can be expressed as follows: 


Maxwell and later Klein and Wieghardt!? extended this theory, 
and in doing so emphasized the geometrical features. The prac- 
tical usefulness of Airy’s function in solving problems has been 


1G, B. Airy, “On the Strains in the Interior of Beams,” British 
Association for the Advancement of Science, Report of Meeting, 
October, 1862, published 1863, pp. 82-86. 

12, Klein and K. Wieghardt, “Uber Spannungsflichen und 
reziproke Diagramme, mit besonderer Beriicksichtigung der Max- 
wellschen Arbeiten,’’ Archiv der Mathematik und Physik, series 3, 
vol. 8, 1905, pp. 1-10 and 95-119. 
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demonstrated by a number of authors; for example, A. and L. 
Foéppl.'8 

Fig. 6 shows a part of the slice. The resultant Rmn of the 
stresses on the vertical section along the curve C from m to n 
must balance the resultant R’nm of the stresses on the vertical 
section along the curve C’ from n to m. In referring to such re- 
sultants, the rule is adopted that the order of the letters in the 
double index indicates the direction of the curve; then the 
stresses are considered to act on the part on the left of the curve. 
This rule applies in Fig. 6. If the curve C is replaced by another 
curve from m to n, the resultant Rmn remains the same. That is, 


Fic. 7 Puanes AssociaTED WITH PoINTS OF A SLICE 


with a given state of stresses Rmn depends only on m and n, and 
one may say that a definite resultant Rmn is transmitted through 
the material between any two points m and n. 

With each point m of the slice there is now associated a plane 
Tm. The elevation of Tm at any point p is denoted by T'mp. 
Fig. 7 shows three such planes, associated with the points 0, m, 
and n. The planes are located as follows: T's is chosen; then 
any other plane 7'm is defined by the requirement that the inter- 
cept T'mp — Top at any point p shall be equal to the moment 
of the resultant Rom transmitted between o and m, this moment 
being positive in the counter-clockwise direction. The plane 
Tn is located by applying this rule to Ron. The moment of Rmn 
with respect to p is equal to the moment of Ron minus that of 
Rom; therefore, it is found as (T'np — Top) — (I'mp — Top) = 
Tnp — Tmp. That is, the moment of Rmn with respect to any 
point p is equal to the intercept at p from Tm to Tn. It follows 
that the intersection of 7’mand 7'n locates the resultant Rmn; that 
the difference in slope of 7'’m and 7'n in a direction perpendicular 
to Rmn is equal to Rmx; and that if the resultant is a couple, the 
two planes are parallel, with the vertical intercept equal to the 
couple. It is seen, furthermore, that a plane vertical section 
through J-planes which are associated with a series of points 
may be interpreted as a string polygon. The polar distance is 
one unit. The forces are perpendicular to the plane vertical 
section and are components of the resultants which are trans- 
mitted between successive points of the series. 

Let point n approach point m. Assume that there are no in- 
finite stresses in a region surrounding and including m. When 
the distance mn becomes infinitesimal of the first order, then 
Rmn becomes infinitesimal at least of the first order, and the 
moment of this resultant with respect to n becomes infinitesimal 
at least of the second order. This moment is represented by the 
intercept T'nn — T'mn. It follows that the plane 7'm is tangent to 
the surface T'mm at point m. All the T-planes are tangent to the 
surface F = T'mm. 

13 A. and L. Féppl, ‘‘Drang und Zwang,” vol. 1, second edition, 
1924, chap. 4. 
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The function F = 7'mm can be shown to be same as Airy’s func- 
tion, which was introduced originally through Equations [20], 
It is assumed that the second derivatives of F exist at point m. 
In Fig. 8 the intercept Tn4 — T-na will be equal to the moment 


ozdy:1. Since the T-planes are tangent to the surface F, this 
oF oF 
intercept may be expressed asd | — } = — dy. It follows that 
oy oy? 
oF oF 
oz = — and, by analogy, cy = Similarly, the intercept 


oy? 
: oF 
T nb — T mB is equal to the moment — rz,dy-1 and equal tod va 


oF F 4 oF 
= ss dy, which gives tzy = — oat 
derivation of Equations [20] the surface F is obtained first, and 
the axes of x and y may be oriented afterward in any direction. 


+ 


It is noted that by this 


Fie. 8 Srresses IN A SLICE 


When the scale of the elevations is small, the normal stresses and 
shearing stresses in any direction are represented by curvatures 


and twists of Airy’s surface. 
; oF ; 
The relation cy = ae shows that any plane vertical section 
72 


through Airy’s surface is a string curve, with polar distance 1, 
for the normal stresses on the corresponding section in the slice. 
The same is concluded by considering the string polygon formed 
by the intersection of a vertical plane with the T-planes for a 
series of closely spaced points. 

It is noted that the derivation of Equations [20] presupposed 
the existence of the second derivatives of Airy’s function. This 
assumption is not necessary in the derivation of Airy’s surface 
from its tangential planes. A consideration of the tangential 
planes will show that if at no place within a region a finite force 
or couple is transmitted between two points which are an in- 
finitesimal distance apart, then a smooth Airy’s surface is ob- 
tained within this region, regardless of discontinuities of the ma- 
terial. A ridge on Airy’s surface would indicate a concentrated 
force transmitted along the curve following the ridge. An Airy’s 
surface with ridges defines a state of statically possible stresses; 
these stresses may be significant, for example, in applications of 
the equation of virtual work. 

Klein and Wieghardt' determined tangential planes of Airy’s 
surface at the edge of the slice. If the loads and reactions on the 
edge of the slice are known completely between two points of the 
edge, then after choosing the tangential plane of Airy’s surface 
at one point on this piece of edge the tangential plane at any other 
point of the piece of edge can be located definitely by means of 
the resultant transmitted between the two points. That is, the 
elevations and slopes ofsAiry’s surface may be determined at all 
points of this piece of boundary. 

14 Loc. cit. 
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As an example, Fig. 9 shows an Airy’s surface fora beam. The 
xy-plane is chosen as tangential plane at one point of the unloaded 
edge, y = —a. Then the zy-plane will be tangential plane 
at all points of thisedge. Sections through Airy’s surface parallel 
to the yF-plane are string curves for the stresses cz. Each of the 
string curves has horizontal tangents at both ends, the tangent 
at the loaded edge, y = a, having an elevation equal to the bend- 
ing moment in the particular section. The same results are found 


F E> = bending moment, M 


Fic. 9 Arry’s SURFACE FoR A BEAM Wits a DISTRIBUTED LoaD IN 


THE DIRECTION OF —y AT THE EDGE y = a 


by noting that the moment diagram is a string curve for the 
stresses oy on the loaded edge, and that at this edge rz, = 0. 


F—THE ANALOGY OF SLABS AND SLICES 


In the deliberations which follow, the material of the slices 
and slabs is assumed to be elastic, homogeneous, and isotropic. 
The slices and slabs are still assumed horizontal. 

Two types of slices must be considered: free slices and con- 
strained slices. The free slice is without pressure on the top and 
bottom, so that c. = 0. The constrained slice requires that the 
top and bottom remain in their original planes, so that the vertical 
strain ez = 0. In case of the free slice the strains ez and e, and the 
detrusion yz, in the directions of z and y are expressed as 


It is easy to prove that these equations may be applied also to the 
constrained slice, provided only that # and u be replaced by an 
apparent modulus of elasticity #’ and an apparent Poisson’s 
ratio u’, defined as follows: 


E 
E-' = ph! = les 


For this reason it will be sufficient here to consider the free slice. 
With Airy’s function introduced in Equations [21] and [22] 
through Equations [20], one finds ‘ 


1/oF oF 1 (oF oF 
e =-—(— —np—]), w@==(— —2z — }).. [24] 
E \dy? oa? E \dz? oy? 


tv 21 +4) oF 
Nay) E dady os 8, 6 One N08! wets (25] 


These equations may be compared with Equations [15] and [16] 
forthe momentsinaslab. It isseen that if one makes N = 1/E, 


slab = —Hwslice and ¢ = F (F being represented to a small scale), 
then one obtains 
e=—M, gw =—M., Ye = 2Mzy....... [26] 


It is seen, furthermore, that. the expression in terms of F for the 


- a common tangential plane. 


i 


. deflections of a slab satisfies the equation A?¢ = 0. 


_ These equations for ¢ and F do not contain u. 
- termining Airy’s surface for the slice as an elastic surface of a 


\nternal energy of the slice becomes identical to the expression 


in terms of ¢ for the internal energy of the slab. 


_ Assume that the edge of the slice is a single closed curve, and 
hat the loads and reactions on the edge are known. Then one 
may establish definite elevations and slopes of Airy’s surface at 
‘the boundary. Let the same boundary conditions be imposed on 


the elastic surface of theslab. Theslab then is bent by distortions 
_ of the edge, but let it be unloaded otherwise. Airy’s surface for 


the slice will be governed by Castigliano’s principle of minimum 
of energy by variation of the stresses. The elastic surface of the 
slab will be governed by the principle of minimum of energy 


by variation of the shape of the slab. Since the two expressions 


for the energy have been made identical, it follows that the result 
¢ = F is obtained when the slab is unloaded. It was noted in 
connection with Equation [3] that in a region without loads the 
One finds, 


therefore, 


Therefore, in de- 


slab, any value of y in the slab is permissible. Nor is it neces- 


sary in this application to specify N. These deliberations estab- 
- lish the analogy of slabs and slices. 


Equation [27] may very well be derived by other methods; 
for example, by substituting from Equations [24] and [25] in the 
equation of compatibility’ for ez, €y, and yzy. The consideration 
of the energy is advantageous, however, because of its further 
application to the following general problem: Assume that the 
slice has a hole. Assume that there are no loads on the edge of 
the hole. With definite loads on the outer edge, one may estab- 
lish definite elevations and slopes of Airy’s surface at the outer 
boundary. At the edge of the hole Airy’s surface will have 
The analogous slab, accordingly, 
may be equipped with a rigid flat portion covering the hole in the 
slice, this rigid part being attached firmly to the flexible part rep- 
resenting the solid part of the slice. It can be shown that the 
reactions of the flexible part of the slab on the rigid part covering 
the hole are independent of Poisson’s ratio for the slab when NV 
and the elastic surface are given. Then application of the prin- 
ciples of minimum of energy leads to the conclusion that the 
proper position of the rigid part of the slab is that which it will 
assume freely when no external forces are acting on it except the 
reactions exerted by the flexible part of the slab; and this po- 
sition, which the rigid part assumes freely, is independent of the 
values of N and E and the values of Poisson’s ratio for the 
slab and the slice. The position of the plane representing Airy’s 
surface over the hole is defined by three constants, and this corre- 
sponds to the triple indeterminacy of a fixed arch. 

The same reasoning may be applied if the slice is loaded on the 
edge of the hole, but has no loads on the outer edge. Definite 
elevations and slopes of Airy’s surface can be established at the 
edge of the hole. At the outer boundary Airy’s surface will 
have a single tangential plane, which may be represented by a 
rigid plane slab attached to the flexible slab. The proper po- 
sition of the rigid slab is that which it will assume freely. This 
principle may be applied to a slice with any number of holes, 
provided that the load on each closed boundary balances itself. 

A simple application is to a thick ring bounded by two concen- 
tric circles, and loaded by one constant pressure on the inner 
boundary and another constant pressure on the outer boundary. 
The rigid parts forming the extensions of the flexible slab will 
produce no vertical reactions. Therefore, the flexible slab will be 


’ 15 A. and L. Foppl, ‘Drang und Zwang,” vol. 1, second edition, 
1924, p. 53: see also pp. 247-248. 
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without transverse shears, and the otherwise possible term 
Cr® log rin Airy’s function (r = radius vector) will drop out. The 
remaining significant terms Ar? + B log r lead readily to Lamé’s 
formulas for the stresses in thick cylinders.1® 

K. Wieghardt?? utilized the analogy of slabs and slices in an 
experimental investigation published in 1908. By bending a 
brass plate, he obtained information concerning the concentration 
of stresses in a slice at reentrant corners. The slice was loaded 
by two equal and opposite forces. V. P. Jensen’ in an experi- 
mental investigation completed in 1931 applied the same prin- 
ciple with a more complex load. Cooperating with the United 
States Bureau of Reclamation, he investigated the nonlinear 
distribution of stresses in a vertical slice of Boulder Dam by 
bending a rubber slab. The edges of the active area of the slab 
were distorted by clamps which he had designed for this purpose. 
This study has been continued with the same equipment by engi- 
neers of the Bureau of Reclamation. 

Like the soap-film analogy, the analogy of slabs and slices not 
only furnishes experimental procedures, but it supplies ways of 
thinking of one problem in terms of another, and ways of visualiz- 
ing solutions. 

‘As a further illustration, the beam in Fig. 9 is considered again. 
Assume that the load p on the edge y = ais a linear function of 
zg. Airy’s surface is to be obtained as the elastic surface of a slab. 
If one wishes, one may take F positive downward in this case 
instead of upward as in Fig. 9; then the deflections of the slab 
are positive downward. It is convenient to choose N = 1 and 
u = Ofortheslab. The resultant deflections of the slab will be 
found by superposition of two actions. The deflections F; in 
action No. 1 are chosen so that Airy’s function F, will represent 
the stresses in the beam according to the ordinary theory of 
flexure. That is, F, must satisfy the boundary conditions in 
Fig. 9 and must make the normal stresses on any cross-section 
proportional to y. One finds, 


M 


Eee? (0) eee ee 


1 SoS 


To maintain these deflections, the slab requires a load distributed 
over the area. Lagrange’s equation,” A% = w/N, defines the 
relation between the load w per unit of area and the deflection ¢ 
in the general case. In the present case, noting that p = 
—d?M /dz*, one finds the load 

A°F, a= | ate a tele ele steels siehera wucnens 
In action No. 2 there is required an equal and opposite distributed 
load. Furthermore, the deflections and slopes must be zero at 
the edges y = +a. If the slab were divided into independent 
beams in the directions of y, these beams would obtain the de- 
flections 


Pp 
Fy = — —> ChAT a Serer CBE c 30 
aay — 2) [30] 
16 See for example, A. and L. Féppl, ‘“Drang und Zwang,” vol. 1, 


second edition, 1924, p. 313. 

17K. Wieghardt, ‘‘Ueber ein neues Verfahren, verwickelte Span- 
nungsyerteilungen in elastischen Kérpern auf experimentellem Wege 
zu finden,’’ Mitteilungen tiber Forschungsarbeiten auf dem Gebvete des 
Ingenieurwesens, Heft 49, 1908, pp. 15-30. See also, A. and L. 
Foppl, ‘‘Drang und Zwang,”’ vol. 1, second edition, 1924, p. 248. 

18 V. P. Jensen, ‘‘Experimental Determination of Non-linear Dis- 
tribution of Stresses by the Slab Analogy, With Application to 
Hoover Dam,” thesis for the degree of Master of Science, University 
of Illinois, 1931; also as Technical Memorandum, United States 
Bureau of Reclamation; not yet published. 

19 A. Nadai, ‘‘Die elastischen Platten,’’ 1925, p. 21. 
tergaard, loc. cit. 
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This function satisfies Lagrange’s equation for the slab. Conse- 
quently, Airy’s function F, defines the supplementary stresses, 
which must be added to those obtained by the ordinary theory of 
flexure. For example, the supplementary normal stress in the 
direction of z becomes?° 


G—ELASTIC WEIGHTS FOR DEFORMATIONS OF SLICES 
FOUND AS REACTIONS IN SLABS 


In the next application of the analogy of slabs and slices it is 
assumed again that N = 1/EH and usta) = —palice in the flexible 
part of the slab. Then Equation [26] will apply. 

The relation e- = —M, shows that the decrease of the distance 
between two points of the slice may be determined as the total 
bending moment in the slab on a straight section covering this 
distance, provided that the section is entirely within the flexible 
part of the slab. 

With é and 7 denoting the displacements of the point z, y in 
the directions of x and y, one may write, 


O€ OE On 
2) eK) ho Se Rea ACARI: 32) 
: ox Troy ih on es, 
By differentiating and subtracting, one finds”! 
0? O€x Oyz 
yA ees ae sae [33] 
Ox? oy ox 


which defines the curvatures of an originally straight line parallel 
to the axis of z. Knowing the curvatures, one may determine 
deflections or relative deflections of the points on the line, using 
any one of the methods by which deflections of beams are ob- 
tained from the elastic weights, =M/EI. The curvature is an 
elastic weight. 
Equations [33], [26], and [19] give 
077 OM, OM zy 
A a + 2 ais der aae cae iae [34] 
That is, the elastic weights for the bending of any straight 
line on the slice may be found as reactions on the corresponding 
section in the slab. 
With the required change of sign of », Equation [17] leads to 
the following additional formula for the elastic weight: 


oF 
a het ake [35] 


As an example, consider once more the beam in Fig. 9. As- 
sume again that the load pis a linear function of z. Then the de- 
flection of the slab at any point is the sum of F, in Equation 
[28] and F, in Equation [30]. It is to be expected that F,, 
which represents the stresses according to the ordinary theory of 
flexure, will contribute elastic weights at the edges equal to 
M/EI, with I = 2a?/3. That this expectation is correct is 
proved easily by substituting F, in Equation [35]. By substi- 
tuting Fs, one finds the supplementary reaction or elastic weight 


One 
Ox? 5Ea 


Then the supplementary deflection becomes 


20 Compare, for example, A. and L. Féppl, ‘‘Drang und Zwang,”’ 
vol. 1, second edition, 1924, p. 261. 

21 A. E. H. Love, “Mathematical Theory of Elasticity,’ third 
edition, 1920, p. 343. 


2 = tata = (alles ipa thane ae [37] 
in which c; and ¢c; are integration constants. It may be noted 
that the conventional approximate computation of the supple- 
mentary deflection, by considering the energy due to the shearing 
stresses, gives nearly the same result; the approximate computa- 
tion exaggerates the first term on the right side in Equation [37] 
in the ratio of 1 + p. 


H—INFLUENCE SURFACES FOR MOMENTS ANDISHEARS 
IN SLABS DETERMINED AS AIRY’S SURFACES FOR SLICES 


In the preceding applications of the analogy of slabs and slices, 
the slab served in the study of the slice. It is also possible to 


oi, 


Fic. 10 Laregr Stas CAaNnTILEVERED From A Riaip WALL 


let the slice serve the slab. For example, one might determine 
stresses in a slice by polarized light and interpret these stresses 
as curvatures and twists of a slab. 

Miiller-Breslau”? established the principle that any influence 
diagram representing an effect at one place due to a unit load at 
any point may be obtained as a deflection diagram. The appli- 
cation to slabs will be illustrated by the derivation of the influence 
surface for a bending moment in the slab in Fig. 10; namely, the 
bending moment M in the direction of z at 0. The slab is canti- 
levered from a rigid wall along the axis of y, and it is assumed to 
extend indefinitely far in the directions of z and +y. 

Two actions are considered. In action A the slab carries the 
load P = 1 at the point z, y as in Fig. 10. This load produces 
the bending moments M’ in the direction of x at the fixed edge, 
with M’ = M at 0. The surface representing M as a function 
of x and y is the desired influence surface. In action B the slab 
carries no vertical load, but the edge at the wall is distorted 


22H. Miiller-Breslau, ‘‘Die graphische Statik der Baukonstruks 
tionen,’’ 1887-1908. 
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within the interval —a < y < a by creating the slopes 0¢/dx 


APPLIED MECHANICS 


a. The resulting deflection at point x, y is denoted by ¢. 
Now two applications are made of the equation of virtual 


- work. In application No. 1 the loads, reactions, and stresses 


are defined by action A and the deformations by action B. With 
U az denoting the internal virtual work, the equation becomes 


a 


ite ae M'ady = 


=e. 


In application No. 2 the loads, reactions, and stresses are defined 


by action B and the deformations by action A. No external 


virtual work is done; therefore the internal virtual work Usa 
becomes zero. Since Uas = Usa, one finds 


— Wenh —t ige sree cao C bor [39] 
mee 
Let a be chosen small, and adopt a function a, so that 
a 
ii BTL a: a lee to cho oem ice [40] 
—— 


The difficulty of large deflections is disposed of by adopting tem- 


porarily a small scale for vertical distances. Then Equation 
[39] becomes 


That is, the influence surface for M is the elastic surface ¢. 

This elastic surface is obtained conveniently as an Airy’s sur- 
face. With the slice loaded as in Fig. 11, one may choose the 
azy-plane as tangential plane of Airy’s surface at points of the 
y-axis at which y > a. Then Airy’s function will be zero at all 
points of the y-axis. In the interval —a < y <a, the slope of 
Airy’s surface in the direction of z becomes a = —1 /2a. For 
y <a, the zy-plane again becomes tangential plane. This 
Airy’s surface satisfies the boundary conditions for the elastic 
surface ¢, which was defined by Equations [38] to {40]. 

Let F’ = F’ (z, y) denote a possible Airy’s function for a load 
P = 1 at 0 in the direction of —y. Then possible Airy’s func- 
tions for the loads P; and P, may be written as 


1 1 
Fi = —— F(a,y—a), PF. = — F' (t,y +4)... [42] 
2a 2a 
respectively. With asmall, by permitting 2a to be interpreted as 
dy, one finds for the two loads combined the possible Airy’s 
function 


4s [43] 
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F=F Lae P, 
To this Airy’s function it may be necessary to add a constant in 
order to make ¢ = 0 at the edge. 
Airy’s function F’, for the load P = 1 at 0 in the direction of 
—y, is expressed conveniently in terms of polar coordinates, as 


a 
a e910) COS Ole saiads, is) s)isisisi* pers: s\e 
Tv 


F’ 
Noting that 
spay id ge teeephtirt aie [45] 
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one finds?’ 


23 The results in Equations [46] and [48] are stated in the paper in 
Public Roads, March, 1930, referred to in previous footnotes. 
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no constant having to be added to F. Equation [46] defines the 
influence surface for the bending moment M. 

The influence surface for the vertical shear Vz at 0 in Fig. 10 
may be obtained in the same way. Instead of the forces in Fig. 


Fic. 11 Suiczk CorrESPONDING TO THE SuaB IN Fia. 10 


11, two couples +1/2a are applied at the same points. Airy’s 
surface for a unit couple at the origin of the coordinates may be 
written as 


1 
De 1 Siri) ase noseino Some [47] 
Qr 
Then one finds 
oF’ 
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which defines the influence surface for the shear. 
CONCLUSIONS 


Graphostatics is helpful in the theory of elasticity. It pro- 
vides visualization and furnishes ways of thinking about problems 
and solving them. It extends the useful overlapping of the 
theory of elasticity, mechanics of materials, and structural me- 
chanics. 


Discussion 


A. Napar.24 The highly instructive and similarly useful 
geometry of certain surfaces having a close relation to a number 
of important engineering problems of statics, of which some are 
known while several groups of these surfaces have just been 
newly introduced and described in the brief and clear study by 


24 Westinghouse Research Laboratories, East Pittsburgh, Pa. Mem. 
A.S.M.E. 
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Dr. Westergaard on graphostatics, deserves the full attention 
of engineers. Dr. Westergaard has in other of his extensive 
recent investigations shown how by these methods, if cleverly 
applied, the distributions of stress in difficult cases of loading of 
elastic bodies could be found—such as, for example, in a section 
of the Boulder Dam of the Colorado River. 

The mathematical difficulties for finding the distribution of 
stress in the sections of such a dam, even if great simplifications 
as to the nature of the problem are assumed by reducing it to 
one of plane strain, arise from various reasons: the action of the 
weight of the material of the dam has to be combined with that 
by the lateral pressure increasing with the depth, the cross- 
sections of the dam being limited by curves that are not simple. 
The details exposed in Dr. Westergaard’s paper deserve attention 
therefore, and perhaps also for their pedagogical influence, 
which they may exert in the future. The various stress sur- 
faces extremely simplify the description of the corresponding 
problems and help greatly to visualize the states of stress and of 
elastic strain in more complicated cases. 

It is perhaps of some interest in this connection to note the 
recent progress made in stress analysis by the more extended 
use of all kinds of mechanical model-testing methods by which 
various other methods were gradually replaced. Model testing 
based on the principles of mechanical similarity has been ex- 
tensively applied in hydraulics, aerodynamics, photoelastic 
testing, etc. However, it may be based on certain analogies 
existing from a mathematical point of view between two or more 
apparently different problems of mechanics or physics. A num- 
ber of interesting new examples where these second methods 
might prove useful have been pointed out by Dr. Westergaard. 
Instead of measuring stresses or strains in one particular case, 
one may convert the problem to another mathematically corre- 
sponding, similar or identical one and then observe another 
quantity, such as, for example, a deflection or the slope of a 
curved surface (membrane, plate), which lends itself to a simpler 
observation. From this point of view a model based on an 
analogy may be considered as a special integrating machine for 
finding the numerical solution of an actual problem, offered 
either by nature itself or designed by ingenuity of men. When 
comparing the various means which have been proposed for 
finding numerical values of certain important quantities, the 
engineer finally decides to let the analogy model do the tedious 
integrating (or differentiating) job for him. 

Although some of the geometrical properties of Airy’s stress 
surfaces have long ago attracted mathematicians such as Max- 
well, Felix Klein, K. Wieghardt, and others, these properties 
in the hands of the engineer have perhaps not yet been applied 
so extensively as may become useful. The author of the paper 
himself has stated that since Wieghardt’s work it is known that 
the lateral deflections £(z,y) of a plate bent by a system of forces 
acting perpendicularly to the plane of the plate and distributed 
only along its edges satisfy the same differential equation (Equa- 
tion [27] of the paper) as Airy’s stress function F(z,y) for a state 
of plane stress or strain in a flat slab subjected to forces acting 
along the edges of the slab and in the direction of its middle 
plane. 

F. Klein and Wieghardt have suggested to substitute a bend- 
ing test with a plate for the experimental determination of 
Airy’s stress function for a flat slab, but the writer felt that the 
correspondence between the stresses in the two problems (plate 
and slab) was not a simple one. Also a double differentiation 
was required to find values of stresses. The writer of these lines 
was therefore particularly interested and pleased to see that Dr. 


“ 


Westergaard has now established an analogy between the two 
problems with a complete correspondence between the quantities 
involved: to the bending moments M., M,, Mz, of the bent 
plate correspond the unit strains ¢z, €,, yzy of the slab, etc., 
and that he has utilized this method when computing the stresses 
in the Boulder Dam. It is perhaps worth while to note that Dr. 
Westergaard’s suggestion to introduce the resultant of the trans- 
versal shearing forces of a slab asa new stress function Q ex- 
presses certain mathematical properties inherent to a number of 
similar problems in the theory of elasticity. If these resultant 
forces are Q., respectively, Q, for sections x = const., respectively, 
y = const., and pz, respectively, p, are the shearing forces per 
unit of length, then 


Q: = S pidy, Q. = — Sp,dz 


For pz, py in many cases the equilibrium conditions being 


Ops OPy = 7 
ox oy 
Pz, Py can be found assuming 
aad ey ae 
Dpaerogh cots dx 


The stress function Q introduced above is identical with the 
function ¥. If pz, py are interpreted as velocity components 
of a moving fluid in a plane, ¥(z,y) is known as the stream 
function, and hence the stress function Q of a slab has quite 
an analogous meaning as the stream function y in the plane 
movement of a liquid. 

The general bending and torsion problem of a bar can indeed 
be reduced for the shearing stress components rz and ry to two 
equations of the form: 


Orz } 

- a ive= A y 
Orz } 

5 5, ator = Br +C 


where A, B, C are constants depending on the external load 

and twisting moment and the shearing stress indicated by the 

letter 7 is the resultant vector of the components 1, Ty. 
Separating 7 into two vector parts 7’ and r” according to 


r=7r +r” 


it can be shown that the part 7’ may be determined, for example, 
by assuming div r’ = 0 and the other part r” by assuming that 
rot 7” = 0, or, in other words, by dividing the resultant stress 
field of the vector 7 into a vector field for which the divergence 

oy 


is zero (hence a “stream function” y exists so that 7,’ = — 
Pay ’ 


re) 
ty =— ~) and into a remaining field for which the rotation 
xo 
(curl) vanishes (hence a “velocity potential” ¢ exists, so that 
re) oe 
i = a ty" = —). The function y is known as Prandtl’s 
ox oy 
stress function in the case of the torsion problem. It is hoped 
that the various suggestions contained in Dr. Westergaard’s 
paper will stimulate the further application of these stress func- 


tions to practical engineering problems. 


ee 
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B Uhe Use of the Wind Tunnel in Connection 
With Aircraft-Design Problems 


T. von KArMAN 


L ? 
By TH. voy KARMAN! anp CLARK B. MILLIKAN,? PASADENA, CALIF. 


The paper is divided into two parts, the first of which 
deals with the general problem of extrapolating wind- 
tunnel results to full-scale free-flight conditions in con- 
nection with the initial prediction of overall performance 
characteristics of airplanes. Using the notation of Os- 
wald, it is found that the three parameters about which 
the designer would like information from the wind tunnel 
are: the “‘airplane efficiency factor’’ giving the variation 
in parasite drag with lift coefficient, the ‘‘equivalent para- 
site area’ giving essentially the minimum parasite drag, 
and the maximum lift coefficient. Ifthe tests are made at 
Reynolds’ numbers of the order of 1,500,000 or larger and 
on models of modern “‘clean”’ airplanes, the extrapolation 
of the first parameter to full scale is felt to be trustworthy 


C. B. Mitiikan 


for gliding flight. The need for further data on the in- 
fluence of the change to power-on flight is mentioned. 
For the second parameter the effect of the change in Reyn- 
olds’? number involved in the extrapolation is shown to be 
important, and a method for carrying out the extrapola- 
tion is described. This method is based on the modern 
hydrodynamical theory of skin friction, and has already 
met with some success as developed and used at the Gug- 
genheim Aeronautics Laboratory of the California Insti- 
tute of Technology. In connection with the third parame- 
ter, it is shown that the influence of Reynolds’ number 
and turbulence on the value of the maximum-lift coef- 
ficient is very large. The importance and confusion at- 
tending this phenomenon led some time ago to its inten- 
sive investigation at the laboratory. The more important 
results of an experimental and a theoretical approach to 
the problem are discussed. The experimental researches 
involved the testing of a 6-ft-span N.A.C.A. 2412 airfoil 
at a series of Reynolds’ numbers and with various degrees 
of turbulence produced artificially in the wind tunnel 
through the introduction of grids or screens upstream 
from the model. The results furnish quantitative evi- 


INTRODUCTION 


T IS ABOUT 25 years since systematic tests on stationary 
I models in artificially created air streams were first used as an 
aid to the design and performance prediction of airplanes. 
Widely varying opinions as to the practical applicability of this 
type of measurement have been held by aeronautical engineers. 
The naive idea that the results of such measurements could be 
applied without corrections to full-scale conditions was very early 


1 Director of Guggenheim Aeronautics Laboratory, California 
Institute of Technology. Mem. A.S.M.E. Dr.-Ing. von Karman 
received his M.E. at Budapest in 1902 and Ph.D. at Gottingen in 
1908; honorary degree of Doctor of Engineering, University of Ber- 
lin, 1929. He was Privat-Docent, Gdttingen, 1910-1913; Professor 
of Mechanics and Aerodynamics, Director of the Aerodynamical 
Institute, University of Aachen, 1913; member of Gesellschaft der 
Wissenschaften zu Gédttingen, 1925; foreign member of the Royal 
Academy of Sciences, Turin, 1928; Director of the Graduate School 
of Aeronautics, California Institute of Technology, 1928. 

2 Assistant Professor of Aeronautics, Daniel Guggenheim Graduate 
School of Aeronautics, California Institute of Technology. Assoc- 


dence of the considerable dependence of Cimax on Reyn- 
olds’ number and turbulence, and in particular demon- 
strate the fact that, even at fairly large Reynolds’ numbers, 
the value of Czmax may be increased by as much as 30 
per cent by introducing artificial turbulence into a nor- 
mally very smooth wind-tunnel flow. The theoretical ine 
vestigation involves an analysis of the boundary-layer 
flow around an N.A.C.A. 2412 airfoil, and is particularly 
concerned with the transition from the laminar to the 
turbulent regime and with the separation of the laminar 
boundary layer from the upper surface of the airfoil. The 
second part of the paper gives illustrations of the diverse 
nature of the special aircraft-design problems for which 
the wind tunnel may give valuable information. The ex- 
amples discussed are all chosen from investigations ini- 
tially undertaken at our laboratory at the request of aircraft 
manufacturers and at their expense. Many of the prob- 
lems so begun developed an independent scientific inter- 
est, so that the tests were subsequently amplified by the 
staff to a degree not at all contemplated when the work was 
started. A series of six distinct types of investigations is 
included in the samples considered. 


abandoned. The corrections due to the finite dimensions of the 
wind stream have been found comparatively easily by the appli- 
cation of aerodynamic theory. The establishment of model 
rules to take into account the effect of scale in size and velocity, 
i.e., Reynolds’ number, has proved to be much more difficult. 
The opinion has been widely expressed that full information could 
be obtained only by carrying out the model tests at full-scale 
Reynolds’ number. It is well known that the so-called variable- 


Mem. A.S.M.E. Professor Millikan was born in Chicago in 1903, 
and received his Ph.B. from Yale University in 1924 and Ph.D. in 
Physics and Mathematics from California Institute of Technology 
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density wind tunnels and the N.A.C.A. giant tunnel have been 
built for this purpose. Both of these types of wind tunnel have 
already made very valuable contributions to the development of 
experimental aerodynamics, but there are certain difficulties 
connected with each. The relatively small size of the models 
used in the variable-density tunnel makes the reproduction of 
small details rather difficult. Also, the initial cost of such wind 
tunnels is so large as to almost rule out their use by other than 
governmentally supported institutions. The latter remark 
applies a fortiori to the giant tunnel, and furthermore, the cost of 
models and of operations is very large. A further complication 
is introduced by the fact that measurements carried out at the 
same Reynolds number may lead to very different results if the 
internal structure of the artificial air streams (i.e., their state of 
turbulence) is different. In view of this situation, the authors 
believe that it is very important to analyze the conditions under 
which measurements in a medium-sized wind tunnel can be ap- 
plied reliably to full-scale conditions. Obviously, it is necessary 
that the measurements be carried out at a Reynolds number 
above those producing critical changes in the flow and in a range 
where certain theoretical extrapolations connected with friction 
can be safely made. It is also desirable that the wind stream 
for the tests be as free from turbulence as possible, since it is 
very simple to introduce artificial turbulence, but extremely 
difficult to remove an already existing turbulence. The wind 
tunnel of the Guggenheim Aeronautics Laboratory of the Cali- 
fornia Institute of Technology has been built in such a way as 


Fie. 1 


Mobs. SusPpENDED (INVERTED) IN THE GUGGENHEIM ApRO- 
NAUTICS LABORATORY WIND TUNNEL Raby FOR TESTS 
(The model span is 73/4 ft.) 


to satisfy these conditions as fully as possible. The first part of 
this paper is devoted to a discussion of the applicability of the 
measurements made in such a wind tunnel, with particular 
reference to performance predictions. The second part dis- 
cusses a series of investigations collected in order to show the 
wide range in the type of design problems which can be attacked 
using this type of wind tunnel. 

A detailed description of the wind tunnel has previously been 
published,* so that only the chief characteristics will be repeated 
here. The diameter of the closed working section is 10 ft, and 
the wind speed for normal operation is 200 mph. The airplane 
models tested have, in general, spans of between 5 and 8 ft, so 
that the usual Reynolds number based on the wing chord lies 


3 C. B. Millikan and A. L. Klein, ‘‘Description and Calibration of 
10-Foot Wind Tunnel at, California Institute of Technology,’ pre- 
sented at the Pacific Coast Aeronautics Meeting, Berkeley, Calif., 
June 9 to 10, 1932 (mimeographed). 
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between 1,500,000 and 2,000,000. The suspension system has 
been very carefully designed to eliminate interference between 
the model and its supports to as large an extent as possible. A 
photograph of a typical model mounted in the wind tunnel and 
ready for testing is givenin Fig. 1. All of the experimental data 
discussed in this paper were obtained in this wind tunnel. Unless 
otherwise specified, the notation employed is that defined by 
the N.A.C.A. as the standard American notation using absolute 
coefficients. 

A considerable group of graduate students under the direct 
supervision of Drs. A. L. Klein and C. B. Millikan has carried 
out the wind-tunnel investigations discussed in this paper. In 
particular, acknowledgment should be made of the contributions 
of Messrs. W. B. Oswald, W. H. Bowen, N. B. Moore, and R. 
Mills. The design of the wind-tunnel balances, rigging, and all 
auxiliary apparatus has been done by Dr. Klein. 


I—INITIAL PERFORMANCE PREDICTION 


The modern methods of performance estimation which have 
recently been published here and abroad substitute for a graphi- 
cal method of calculation an analytical one using certain definite 
design parameters of the airplane to which numerical values are 
assigned. The problem of the airplane designer is to determine 
these numerical values as accurately as possible. At our labora- 
tory the most accurate, rapid, and satisfactory method of per- 
formance prediction has been found to be the analytical one de- 
veloped by Oswald and presented in full in N.A.C.A. Technical 
Report No. 408.4 The design parameters used in this method are: 
the gross weight W, the design thrust horsepower thpm, the wing 
area S, the effective span b, the equivalent parasite area f, and 
the maximum-lift coefficient Crmax. Of these, the weight and 
wing area are known for any proposed design. The design thrust 
horsepower is the product of the design brake horsepower and 
the design propulsive efficiency. The first is given by the engine, 
and the second may now be very satisfactorily estimated for any 
normal engine and cowling arrangement as a result of the very 
beautiful and complete investigations carried out in its propeller 
research wind tunnel by the N.A.C.A. The effective span may 
be expressed by the relation b.2 = e(kb)?2, where e is the so-called 
airplane efficiency factor, b is the largest span of the airplane, 
and k is Munk’s span factor; b is given, and k may readily be 
calculated from the geometry of the wing cellule. Hence, the 
three parameters for which the designer must obtain values are 
é, k, and Crmax. In the remainder of this section the methods 
for estimating the full-scale values of these parameters which 
have been used at the laboratory are described. 


1 Erricrency Factor e 


A polar of Cp versus Cz is plotted from the wind-tunnel mea- 
surements corrected for tare drag and wind-tunnel wall inter- 


ference. The parasite-drag coefficient Cp, is defined as 
Cx? 
Co, = Co— Cp; = Oo aS 


An induced-drag parabola (Cp; versus Cx) is now plotted on the 
same sheet as the original polar, in such a manner that the differ- 
ence in abscissas (C'p,) between it and the original polar is as 
nearly constant as possible over the range of Cz’s included in 
the normal flying range below the stall. This is assumed to be 
the corrected induced-drag polar for the airplane in Oswald’s 
sense; i.e., it is the curve corresponding to 


4°W. B. Oswald, ‘General Formulas and Charts for the Calcula- 
tion of Airplane Performance,’’ N.A.C.A. Technical Report No. 408 
(1932). 
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Cp, 


From this polar b.2S is determined, and, since S, b, and k are 
known, the value of ¢ is easily deduced. This value of ¢ is as- 
sumed to be the same as that for the full-sized airplane in free 
- flight. 

The assumptions which are made in this extrapolation are that 
the influences of the following changes in passing from model to 
“full scale are unimportant: 


(a) Changes in shape especially in small details 
(b) Change in Reynolds’ number 

(c) Change in character of air flow (turbulence) 
(d) Change from power off to power on. 


The validity of (a) depends upon the accuracy of the model 
* work, the size of the model, and the cleanness or complication 
of the external design of the airplane. All three of these points 
are interrelated. For a very complicated design with many 
_ wires, struts, fittings, and excrescences, it is almost impossible 
r ‘to duplicate the airplane accurately enough in any model much 
~ smaller than one to be tested in the N.A.C.A.’s full-scale wind 
_ tunnel. For modern high-speed designs, with cantilever or 
simply braced wings, retractable or completely faired landing 
| ! gears, enclosed cockpits, etc., it is our belief that models of suf- 
~ ficient accuracy can fairly readily be constructed with spans of 
the order of 6 to 8 ft. With regard to (b), there is no evidence 
with which the authors are familiar to indicate that there is any 
important change with Reynolds’ number in the variation of 
Cp, with Cz, at least above Reynolds’ numbers (based on wing 
chord) of the order of 1,000,000. The same state of affairs holds 
for (c) asfor (b). With respect to (d), recent flight test researches, 
especially those carried out by the D.V.L. in Germany, indicate 
that in certain cases there is a very considerable change in e in 
- passing from gliding to power-on flight. Hence predictions of e 
~ made in the manner here suggested are strictly valid only for 
gliding flight, but are believed to furnish valuable indications, 
: at least for power-on flight. Experiments are now in hand at the 
Guggenheim Aeronautics Laboratory here, using small motors 
mounted in the wind-tunnel models and driving small propellers 
during the experiments, which it is hoped will give sufficient 
data to enable the extension of accurate predictions of e to the 
case of power-on flight. 


, 


2 EquivaLent Parasite AREA f 


Having determined the parasite-drag coefficient by the method 
of the last section, f for the full-scale airplane is most naively ob- 
tained from the formula (defining f): 


where S is the wing area of the full-size airplane. Such an ex- 
trapolation involves the same assumptions (a) to (d) as were dis- 

~ cussed in the preceding section; (a) has already been considered; 
and any question as to (d) is eliminated if propulsive efficiencies 
are taken from the N.A.C.A.’s reports previously referred to, in 
which propulsive efficiencies are so defined as to take into ac- 
count the effects of changes from power off to power on. With 
respect to (c), turbulence can exert an influence on Cp, in two 

, different ways: eddy resistance depends on the location of sepa- 
ration points, which may change with the turbulence conditions; 
skin friction is influenced by the transition between the laminar 
and turbulent régimes in the boundary layer. Both influences 
can be eliminated if the models tested are clean enough and the 
tests are carried out at such high Reynolds’ numbers that critical 
points do not occur near the high-speed attitude of the plane 
and the boundary layer is turbulent over the major part of the 
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model surface. It appears that these conditions are satisfied for 
models of modern high-speed airplanes tested at Reynolds’ 
numbers above 1,000,000 or 1,500,000. There remains (b), the 
effect of the change in Reynolds’ number or the scale effect proper. 
For modern high-speed transport planes a considerable extra- 
polation is here necessary, even for tests carried out in the N.A.- 
C.A.’s variable-density or full-scale wind tunnels, since for such 
planes at maximum speed the Reynolds number based on wing 
chord may reach values of the order of 20,000,000 to 30,000,000. 
The following method of making this extrapolation has recently 
been devised by the junior author and used with some success. 

Parasite drag may be divided into two categories: eddy re- 
sistance or form drag, which is approximately independent of 
Reynolds’ number (assuming that no critical points occur in the 
range considered), and skin friction. If the scale of the tests is 
sufficiently large, as previously indicated (R ~ 1,000,000 to 
1,500,000), the boundary layer may be assumed to be turbulent 
over practically all of the model, so that the friction may be 
considered as purely turbulent skin friction. The theory of 
turbulent skin friction has been actively investigated in the last 
decade. It was for some time accepted that the coefficient of 
skin friction for smooth, flat surfaces was proportional to the 
1/5 power of the Reynolds number, so that it appeared at one 
time as if this “power law” represented a basic physical law. 
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This belief was subsequently proved to be false when further ex- 
perimental data obtained at higher Reynolds’ numbers than had 
previously been investigated showed that as R increased, the 
exponent decreased from 1/s to 1/s, then to 1/,,and soon. These 
discoveries left the basic theory of turbulent skin friction in a 
very troubled and unhappy state. Finally, the senior author, 
using reasoning based on considerations of dynamical similarity, 
was able to show that a general law could be formulated giving 
a logarithmic formula for the variation of the coefficient of skin 
friction with Reynolds’ number.’ The earlier power laws were 
shown to be essentially interpolation formulas for this general 
law, which has since been verified experimentally up to the high- 
est Reynolds’ numbers yet attainable. According to this theory, 
the formula connecting the coefficient of the skin friction and 
Reynolds’ number can be written® 


0.242 


VCH) 
5 Th. von Karman, ‘“‘Mechanische Aehnlichkeit und Turbulenz,”’ 
Gottingen Nachrichten (Math.-Phys. Klasse), 1930; see also Proceed- 
ings of the Third International Congress for Applied Mechanics, 
Stockholm (1930), vol. I, p. 85. 
6 Th. von Kirmin, “‘Quelques Problemés Actuels de L’Aérody- 
namique,’”’ Journées Techniques Internationales de 1’Aéronautique, 
Paris, 1932. 
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The values of Cy and R are represented in Fig. 2. C; is strictly 
the skin friction on a flat plate parallel to the flow and is defined 
as the average frictional force per unit ‘‘wetted area’’ on a flat 
plate of length 1 in the direction of flow divided by the dynamic 
pressure. RF is defined in terms of the free-stream velocity and 
the length J. 

In applying the results of this theory to the problem under con- 
sideration, two extreme cases are considered: 


Case 1: Only the wing-profile drag is considered as turbu- 
lent skin friction; the remaining parasite drag is as- 
sumed to be form drag and as such is independent of 
Reynolds’ number 

Case 2: The entire parasite drag is assumed to be skin 
friction. The characteristic length 1 is taken as the 
mean wing chord. 


Considering case 1, and letting ( )m correspond to model con- 
ditions and ( ) correspond to full scale, while Cp, denotes 
wing-profile drag and R the Reynolds number, we have 


Oba LITO ee eet SN, Sy [2] 


Oper 


where the length in R# is taken as the mean wing chord, and Cy 
is read from Fig. 2. From the Cp,; determined in this way, 
Swings is calculated from Equation [1]. The equivalent para- 
site area for the remainder of the airplane is calculated in the 
same way, assuming the drag coefficient to be independent of R. 
The total f for full-scale conditions is then the sum of these two 
parasite areas. For case 2, the procedure is the same except that 
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Fie. 3 SpHere-DracG CoEFrFICIENT Cp, Versus REyNoxtps’ Num- 
BER R, FoR VARIOUS WIND STREAMS 


(Curves a, b, c, and d refer to the wind tunnel of the Guggenheim Aero- 

nautics Laboratory of the California Institute of Technology, with no grid 

and with grid 48 in., 201/2 in., and 10!/2 in. upstream from the model, re- 

spectively. The curves for the N.A.C.A. variable-density and the Gét- 
tingen wind tunnels are also included.) 


in Equation [2] the profile-drag coefficient is replaced by the 
total parasite-drag coefficient Cp,, and there is no additional 
term with constant-drag coefficient. Case 1 should give too 
large a full-scale f and case 2 somewhat too small a value. The 
actual f should be between the two, its proximity to one or the 
other being estimated on the basis of the amount of form drag to 
be expected—i.e., on the cleanness of the airplane design. As 
an example, the following data are given, derived from tests on 
a model of an observation-type military monoplane with wire 
bracing, pylon above the wing, tripod landing gear with wheel 
fairings, and open cockpit. The maximum velocity Vm was cal- 
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culated from f, using the methods of Oswald’s paper (loc.cit.): 


Model results scaled up without Reynolds’ number correction: 
Vm = 180 mph. 
* Wing-profile drag only corrected to fullscale: Vm = 186 mph. 
Total parasite drag considered as skin friction and corrected 
to full scale: Vm = 205 mph. 


Flight tests on the actual airplane gave Vm = 195 mph—i.e., 
almost exactly half-way between the two extrapolations. This 
airplane was not especially clean in comparison with modern 
transport planes, the total parasite drag being about four times 
as large as the wing-profile drag. For some recent planes the 
total parasite drag is only about twice the wing-profile drag, and 
in such cases the two extrapolations would give results much less 
far apart, with the actual Vm lying nearer to the higher estimate 
because of the smaller percentage of form drag. 


38 Maximum Lirt CoprriciEnt Cimax 


In extrapolating wind-tunnel results for Czmax to full scale 
in order to estimate landing speeds, the same changes (a) to 
(d) previously discussed must again be considered. Item (d) may 
be neglected, since in practise the landings are almost always 
made with the motor idling, although there is evidence that in 
some cases of unfortunate placing of the propeller relative to the 
wing the presence of an idling or stopped propeller lowers Czmax 
tosome extent. With regard to (a), investigations here at the Gug- 
genheim Aeronautics Laboratory and elsewhere have shown that 
slight roughness or protuberances near the leading edge of a wing 
may lower its Czmax very appreciably. Hence the finish of this 
portion of the model should be as perfect as possible. At the 
aeronautics laboratory here this is accomplished by spraying the 
model with several coats of lacquer and rubbing down to a high 
polish. In some cases of rather protracted or interrupted tests 
this process has been repeated several times during the course of 
an investigation. By this means highly reproducible values of 
Cimax are attained which are thought to permit safe extrapola- 
tion to full scale, at least in so far as (a) is concerned. The effects 
of (b) and (c) (i.e., Reynolds’ number and turbulence) are very 
large and have in the past been very confusing, as is evidenced 
by the large discrepancies between the values of Crmax reported 
by different wind tunnels for the same airfoil section. The 
confusion in this matter prompted Drs. Klein and Millikan to 
undertake an elaborate experimental investigation of the phe- 
nomenon in the spring of 1932, introducing turbulence artificially 
into the wind-tunnel stream by means of screens placed upstream 
from the model. Shortly afterward the present authors began 
work on a theoretical discussion of the problem, which turned out 
to be correspondingly elaborate. The complete results of both 
researches are appearing currently in technical journals. In the 
remaining paragraphs of this section a brief account of the most 
important results will be given.?’ The experiments were carried 
out on a model of the N.A.C.A. 2412 section with rectangular 
plan form, aspect ratio 6, and span 6ft. The model was furnished 
by the Boeing Airplane Company and was very accurately made 
of laminated wood finished to a high polish. For the results to 
be discussed here, turbulence was introduced into the wind stream 
by placing a grid of rods 1/3 in. in diameter, spaced 3/, in. apart, 
at various distances upstream from the model. The rods were 
perpendicular to the wind stream and to the span of the model, 
and the grid was of such a size and so placed that the entire wing 
was in its ‘‘wind shadow” at all angles of attack. For each posi- 
tion of the grid, measurements were taken of the resistance of a 
sphere placed in the position normally occupied by the center 


7See also Th. von Karmaén, ‘‘Quelques Problémes Actuels de 
l’Aérodynamique,’”’ Journées Techniques Internationales de }’ Aéro- 
nautique, Paris, 1932. 


of the wing. Using the criterion suggested by Dryden and 
Kuethe,® the values of the Reynolds number at which the sphere- 


| drag coefficient had the value 0.3 furnished a measure for the 


degree of turbulence caused by the grid in the different positions. 


The sphere-drag curves obtained for three positions of the grid 
' and with the grid removed are given in Fig. 3. The curve re- 
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(The curves a, b, c, and d refer to the same flow conditions as to the cor- 
responding curves of Fig. 3. The value reported from the variable-density 
tunnel is indicated.) 


ported for the N.A.C.A. variable-density tunnel is also included 
for comparison.’ It will be noticed that the degree of turbulence 
in the variable-density tunnel is apparently about midway be- 
tween those obtained in the laboratory tunnel with the grid in 
the two positions nearest the model (c¢ and d). The variable- 
density tunnel is chosen for the comparison, since one of the 
main purposes of the investigation was originally an attempt to 
explain the extremely large discrepancy between the values of 
Cimax for the 2412 wing reported from the variable-density 
tunnel and those obtained in our laboratory experiments. 

For each of the configurations a, b, c, and d, polars were ob- 
served for the wing at a series of seven or eight Reynolds’ num- 
bers. Curves giving the result as regards Cumax are plotted in 
Fig. 4, together with a point giving the Cimax reported by the 
variable-density tunnel.1° A curve midway between c and d ex- 
trapolated to R = 3,000,000 would apparently come very close 
to the latter point. This result is entirely consistent with the 
sphere-drag curves of Fig. 3. 

The conclusion to be drawn from these results is that both 
Reynolds’ number and turbulence have very pronounced effects 
on Crmex. The variation with R is the more pleasant of the 
two, since it appears that at R ~ 1,500,000 the curves are rapidly 
approaching horizontal asymptotes, so that extrapolation to 
higher values of R should be possible with some measure of con- 
fidence. This seems to be especially true for the curve a cor- 
responding to the clean tunnel or the normal operating state. 
The variation with turbulence at once raises the question as to 
the degree of turbulence to be expected in free flight. Experi- 
ments are under way to determine the critical Reynolds’ number 


8H. L. Dryden and A. M. Kuethe, ‘‘Effect of Turbulence in Wind- 
Tunnel Measurements,” N.A.C.A. Technical Report No. 342 (1930). 

9 John Stack, ‘Tests in the Variable-Density Wind Tunnel to 
Investigate the Effects of Scale and Turbulence on Airfoil Character- 
istics,’’ N.A.C.A. Technical Note No. 364 (1931). 

10. N. Jacobs and K. E. Ward, “‘Tests of N.A.C.A. Airfoils in 
the Variable-Density Wind Tunnel, Series 24,” N.A.C.A. Technical 
Note No. 404 (1932). 
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of a sphere mounted on an airplane flown under various condi- 
tions. It is hoped that these tests will furnish data pertinent to 
this question. 

The theoretical investigation mentioned was undertaken in 
the hope that the physical mechanism underlying the results 
just described might be elucidated. The experimental fact was 
known that, even in the case that the general flow outside of a 
boundary layer is turbulent, the boundary layer starting from the 
stagnation point has a laminar character. However, the degree 
of the outside turbulence has a large effect on the transition point 
between the laminar and turbulent state in the layer itself. It 
was therefore suspected that the large influence of external turbu- 
lence on Crmax might be connected with this phenomenon. In 
view of the complexity of the phenomena, it was not at all ex- 
pected that theoretical curves duplicating those of Fig. 4 could 
be deduced, but it was hoped that results similar enough to the 
experimental ones might be predicted, so that the essential physi- 
cal processes involved might be visualized. For this purpose 
an analysis of the laminar boundary layer about a two-dimen- 
sional airfoil was attempted. A new method of discussing bound- 
ary layers with external pressure gradients was developed, of 
which the only element which need be discussed here is the fol- 
lowing: Instead of using the distance along the solid surface 
from some origin as one of the variables of the problem, it was 
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(The position of the separation point for each Cz is indicated by the oval 

crossing each curve. In order to make the figure clearer, the curves have not 

been extended to the origin. The dotted straight lines give the approxima- 

tions to the theoretical curves hich ers used in the boundary-layer calcu- 
ations. 


found convenient to use the value of the potential function 
¢ associated with the external potential flow measured from the 
forward stagnation point as origin. The value of ¢ at any point 
is then merely of the line integral JS Uds along the surface from 
the stagnation point to the point in question, where U is the ratio 
of the potential velocity outside of the boundary layer to the 
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undisturbed flow velocity, and ds is an element of length along 
the airfoil surface, perpendicular to the span, divided by the 
airfoil chord. 

The potential flow-velocity distribution over the upper surface 
of an N.A.C.A. 2412 airfoil from the stagnation point downstream 
was calculated by Theodorsen’s method" for a series of values of 
Cz. The squares of the velocities so obtained are plotted against 
gin Fig. 5. For simplicity in making the succeeding calculations, 
each of these curves was approximated by two intersecting 
straight lines, which are shown dotted in Fig. 5. The errors 
introduced by this approximation should be relatively unim- 
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(The boundary layer over the upper surfaceis indicated by the heavy line. 

In (a) the transition point would be downstream from the separation point S, 

and the flow separates from the airfoil. In (6) the transition point 7’ is up- 

stream from the calculated separation point S, the turbulent layer (dotted) 
clings to the surface, and the separation does not occur.) 


portant in view of the nature of the problem. The separation 
points at which the flow breaks away from the airfoil surface 
were calculated for the boundary layer associated with each of 
the curves, and are indicated on the figure. The boundary- 
layer thickness at the separation point 6; was determined for 
each of the curves, and a corresponding boundary-layer Reyn- 
olds’ number Rs, was defined by 


11 Theodore Theodorsen, “Theory of Wing Sections of Arbitrary 
Shape,”’ N.A.C.A. Technical Report No. 411 (1932). 
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where Us is the potential velocity just outside the boundary 
layer and at the separation point and » is the coefficient of kine- 
matic viscosity. 

A result obtained both experimentally and theoretically for 
boundary layers along flat plates in a uniform flow was now ex- 
tended to the boundary layers under consideration. This result 
is the following: Ifa boundary-layer Reynolds’ number Fs be as- 
sociated as in Equation [3] with the laminar boundary-layer 
thickness 6, along a flat plate parallel to a uniform flow, then for 
any given degree of turbulence in the external flow there exists a 
definite critical value of Rs, called Rs,, at which the laminar flow 
in the boundary layer becomes unstable. Hence, when Rs 
(which increases continuously as one goes downstream from the 
leading edge) reaches the value of Rs,, a transition point occurs. 
Upstream from this transition point the flow in the boundary 
layer is laminar, while downstream the flow is turbulent (see 
Fig. 6). 

The variation of 6 with the external velocity U is such that, as 
U (or the basic Reynolds’ number FR referred to the length of 
the plate) increases, the transition point moves upstream for 


a given Rs,. The value of Rs, depends on the degree of turbu- 
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extrapolations for the larger values of R, based upon reasoning given in the 
text.) 


lence in the external flow in such a way that, as the turbulence 
increases, fs, decreases. For flow along a flat plate the values 
of Rs, lie between about 10,000 for very smooth flows and about 
1500 for very turbulent flows. 

It was assumed that conditions are similar for the flow over 
an airfoil; i.e., for any external flow there exists an Rs, such that 
when the boundary-layer Reynolds’ number Rs reaches R5,, a 
transition point occurs and the boundary layer changes from 
laminar to turbulent. The problem under consideration can 
be put in the following way: Under what conditions can a cer- 
tain value of Cx be reached? Obviously, it depends on which 
of Rs, or Rs, is the larger. If Rs, < Ro,, then the flow will sepa- 
rate from the airfoil at the calculated separation point, the as- 
sumed potential flow cannot exist, and the corresponding as- 
sumed value of Cz cannot be reached. If, on the other hand, 
Rs, > Rs,, the transition point will be upstream from the cal- 
culated separation point, and the flow at the latter point will 
no longer be laminar, as was assumed, but will instead be turbu- 
lent. 

From experiments on spheres and other bodies, it is known 
that a turbulent boundary layer clings to a surface and resists 
separation to a much greater extent than does a laminar layer. 
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Therefore, in the case that Rs, > Rs,, the boundary layer will 
ling to the upper surface of the airfoil, and the possibility is 
tiven that the lift coefficient in question will be attained. The 
Iternatives are illustrated schematically in Fig. 7. Whether 
She value of Cx in question will actually be reached depends on 
he behavior of the turbulent layer after the transition. Since 
very little is known about the laws governing the separation of 
surbulent boundary layers, it was assumed for this investigation 
‘hat such a separation never occurs. Under this assumption, 
23, = Rs, is a limiting case such that the assumed Cz is just 
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attained. If the basic flow Reynolds’ number R (= Ut/», 
where { = airfoil chord) is decreased, Rs, is decreased, separation 
occurs, and the assumed Cz is not attained. If R is increased, 
no separation occurs, and the assumed Cz is attained. Hence 
for every set of values of Cz and Rs, we get certain definite 
values of R such that the assumed Cx is just the Czmax which 
ean be obtained. Hence for a given Rs, we may determine Crmax 


as a function of R. This has been done for a series of values 


of Rs,, and the results are plotted as dotted curves in Fig. 8. 


i ues of Crmax are possible. 


It will be observed that our assumption as to the lack of sepa- 


ration for turbulent boundary layers implies that unlimited val- 


simplification, since’ somewhat analogous laws almost certainly 
govern the separation of turbulent and laminar boundary layers. 
Hence it is probable that those portions of the curves of Fig. 8 
which are concave upward or have negative slopes are quite in- 
correct and should actually be replaced by branches similar to 
those drawn in solid lines. 

If one compares the theoretical curves of Fig. 8 with the experi- 
mental ones of Fig. 4, one sees that for Cumax < 1.2 to 1.4 the 
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This obviously represents an over- 
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general nature of the two families is very similar. For larger 
values of Crmax the theory gives very considerable effects of 
turbulence, but the shape of the theoretical curves is not satis- 
factory, for the reasons mentioned. The rather low values of 
Rs, are not at all surprising when the unstable nature of the ve- 
locity profiles near a separation point is remembered. In any 
case the investigation shows without doubt that the physical 
basis of the large effect of the turbulence on the maximum-lift 
coefficient has been correctly determined as resting upon a transi- 
tion-point versus separation-point contest. It will be noted 
that this is the same type of explanation as was given many years 
ago by Prandtl in connection with the then mysterious sphere- 
drag phenomenon. 


II—SPECIAL DESIGN PROBLEMS 


In this second part of the paper there will be discussed a series 
of different types of aircraft-design problems which have arisen 
and have been investigated in the wind tunnel of the Guggen- 
heim Aeronautics Laboratory of the California Institute of Tech- 
nology. Many of the tests to be considered originated at the re- 
quest of commercial firms, in which cases the costs were borne by 
the firms concerned and the results were to remain confidential 
for a definite length of time. In such cases the illustrative data 
here furnished are of necessity incomplete.!2 In several in- 


Fic. 10 PxroroecrarH or Norturor ALPHA WIND-TUNNEL MODEL 
(With shortened ‘‘pant leg” landing gear.) 


stances investigations begun in this manner developed a consider- 
able scientific importance in the eyes of the laboratory staff, so 
that the tests were made much more extensive than had originally 
been contemplated, and arrangements were made for fairly early 
publication. The experiments discussed in Sections 2, 4, and 5 
following belong in this latter category. The results to be pre- 
sented here fall naturally into rather distinct groups, as indicated 
by the titles of the sections. 


1 CompaRATIVE DRAG INVESTIGATIONS 


The precision attained in ordinary drag measurements is 
limited essentially by the accuracy with which the tare drag can 
be determined. The precision of tare-drag measurements is 
considerably less than that for gross-drag observations, due 
chiefly to difficulties inherent to the tare-drag set-up and to un- 
avoidable interference between the model and the supporting 
system. It is conservatively estimated that the tare drag is 
accurate to within about 5 per cent, which means that the mini- 
mum drag of airfoils may be determined with about the same ac- 
curacy, while the determination of the minimum drag of complete 
airplane models should be accurate to within 2 per cent or better. 


12 The authors wish to make particular acknowledgment of the 
courtesy of the Douglas, Boeing, and Northrop Aircraft Companies in 
permitting the inclusion of the results of such tests as are here dis- 
cussed. 
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Fia. 
However, if a given model’ is tested succes- 
sively with various modifications, the tare drag 
remains the same for all the tests and the dif- 
ferences in drag between the various model configurations can 
be determined with much higher accuracy than the foregoing 
figure. A considerable number of investigations of this type 
have been made at our laboratory, some of which will be briefly 
described here. 

(a) Tripod and “Pant Leg’ Landing Gears. A series of 
measurements was completed in December, 1930, on a model of 
a Northrop Alpha airplane without engine, cowl, cockpit, or tail 
surfaces. A normal tripod landing gear and a “pant leg” 
gear with various modifications were attached. Dimensioned 
drawings of the landing gears are given in Fig. 9, and a picture of 
the wind-tunnel model with shortened pant-leg landing gear is 
given in Fig. 10. The model was tested in the high-speed atti- 
tude, the results being obtained at a wind speed of 210 mph. The 
drag of the model with no landing gear (corresponding to a com- 
pletely retracted gear) was taken as a standard of comparison, 
and the percentages of this standard drag added by the various 
gears are given in Table 1. 


TABLE 1 


Percentages of standard 


Landing gear drag added by gear 


Pant leg, completely faired 11.0 
Pant leg, normal 15.1 
Pant leg, shortened 20.0 
Tripod 76.2 


It will be noticed that the normal pant-leg gear has only one- 
fifth the drag of the tripod gear, and that the latter would be 
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which such modifications 
may lead. 

(c) EngineCowlings. 
In connection with the afore- 
mentioned tests, the model, 
which was furnished with a very accurate small-scale reproduction 
of a standard air-cooled engine, was investigated with a series 
of four ring- and N.A.C.A.-type cowls. The differences between 
some of the latter were so slight as to be difficult of detection 


The 


Fie. 13 PsotocrarH oF Optimum CowLiING AND STREAMLINING 
(For ‘‘belly”’ radiator of Douglas YO-31 airplane model.) 


upon casual observation. The 
results given in Fig. 12 show 
the well-known reduction in 
drag due to the use of this type 
»of cowl and also furnish evi- 
dence as to the possibility of 
choosing the optimum of a 
series of very similar configura- 
tions, in view of the accuracy 
indicated by the experimental 
points. 

(d) Radiator Cowling and 
Fairing. In the course of an 
investigation on a model of a 
Douglas YO-31 observation 
plane, it was noticed that a 
- rather large bump placed on 
the bottom of the fuselage some 
distance behind the normal 
~ “belly’’ radiator caused no in- 
_ erease in drag. An investiga- 
~ tion into the influence of cowl- 
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- (a short tunnel and no fairing 


#3 | | 
_ behind) are given in Fig. 14. es iF 
_ The precision as indicated by | | 
_ the scatter of the experimental UE 


- ings and fairings in connection 


- optimum configuration arrived 
. at is shown in Fig. 13, and the 


- this configuration and with the 


points is again interesting. 
_ Amodel of a large airplane with 


- recently tested in our laboratory wind tunnel. 


\with such a radiator was ac- 
cordingly undertaken. The 


comparative drag measure- 
ments showing the results with 


standard radiator installation 


(e) Wing-Engine Nacelles. 


two air-cooled wing engines was 
The nacelles and 
engine cowlings were designed in accordance with the latest 


_ recommendations embodied in the exhaustive reports published 


on the subject by the N.A.C.A. In connection with the par- 


ticular wing used, it appeared, however, that there were cer- 


tain undesirable interference effects, especially in the cruising 
range and near the stall. In the attempt to improve the aero- 


dynamic characteristics, a series of eight modified nacelle- 
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(For the configuration of Fig. 13 and for the same model with standard 
radiator cowling.) 


Fie. 15 Srauyinc-Moment CorFFricient Versus Lirt CoErricientT 


(For transport airplane wing only. CMo.2, and CMo.» give moments about the 25% and 22% points of the cal- 
culated mean aerodynamic chord, respectively. i 


yr. CMc.g. gives moments about the assumed center-of-gravity 
position of the airplane.) 


cowling arrangements and three wing-nacelle fillets was tested. 
The final or optimum configuration gave, with reference to the 
original nacelle and cowling as mounted on the model— 


a decrease in minimum parasite-drag coefficient of 0.0006, 
or 3 per cent of the gross minimum drag; 

a decrease of parasite-drag coefficient in the attitude for 
single-engined operation of 0.003, or about 10 per cent 
of the gross drag at this attitude; 

an increase in maximum-lift coefficient of 0.12. 


The results of this particular investigation are particularly 
significant in that they indicate the great value of having one of 
the designers, who is working on the plane, present and cooperat- 
ing during the tests. It is very difficult to see how so consider- 
able an aerodynamic improvement, which was structurally and 
economically entirely feasible, could have been effected if this 
procedure had not been followed during the investigation. 


2 INTERFERENCE PROBLEMS 


In this field the most elaborate studies undertaken at our labo- 
ratory have been those connected with wing-fuselage interference 
and reported by A. L. Klein’ at an aeronautic meeting one year 
ago. The technique employed in this type of research involves 
the use of physicist’s wax for making alterations to a model, the 


13 A. L. Klein, ‘‘The Effect of Fillets on Wing-Fuselage Interfer- 
ence,’”’ presented at Pacific Coast Aeronautics Meeting, June 9 
and 10, 1932 (mimeographed). 
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measurement of lift, drag, and pitching moment on the wind- 
tunnel balances, and an investigation of the flow pattern behind 
the model by means of a large number of small pitot and static- 
pressure tubes connected to a multiple manometer. Since 
Klein’s paper discusses the problem in detail, no further discussion 
will be attempted here, except the statement that the same tech- 
nique has been successfully applied in investigating the inter- 
ference between wings and nacelles, landing gears, protuberances, 
etc. 


3 LONGITUDINAL STABILITY AND CONTROL 


An interesting example of the contribution which the wind tun- 
nel can make to the problem of static longitudinal stability oc- 
curred recently in the course of tests on a model of a large and 
very carefully designed transport monoplane. “The wing had a 
rectangular center section and considerably tapered outer sec- 
tions. The mean aerodynamic chord was estimated by the 
customary methods accepted by present-day designers, and the 
center-of-gravity location was determined relative to this mean 
aerodynamic chord so as to give the desired degree of stability. 
When the complete model was tested, the stability was found to 
be too small, and when the wing was tested alone, it appeared 
that the pitching moment coefficient was constant, not about the 
25 per cent point of the mean aerodynamic chord, as was to be 
expected, but about the 22 per cent point. The pitching-mo- 
ment curves for this wing are shown in Fig. 15. In this case also 
a designer of the airplane was present at the tests, and a new wing 
was promptly designed which had the effect of moving the center 
of gravity of the airplane 3 per cent forward. When the model 
was retested with this new wing, the stability was almost pre- 
cisely that expected. In cases which involve more unorthodoxy 
than mere wing taper, the contribution which the wind tunnel 
can make is still more important. 

In connection with the recent development of fixed stabilizers 
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Fie. 16 Srautinc-Moment CorrFriciInn?T Versus Lirt CoEFFICIENT 


(For model of a completé transport plane with fixed stabilizer, various 
Flettner angles, and free elevator. The elevator was statically balanced 
and had ball-bearing hinges.) 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


= = = — a 
ff tl” fee | 
i ra 4 | FLET TNER e2C non 
it Sis PF 70" & = = es 
310° | 
V , Y | | | 
} t ir 5° Y } | | 
rae lt He tal ee eee 
aa ———_-o—____. | Le | 
| PO a en Pe ? 6 5° Ve Pop ve 6" 
| | | MaRS “|| Le 
bok Hetees les | E — | | +5* | 4 
T Pe | | | | if 
| | | | 
|-70* E |_4e | eet 
| | 
- | |\-/5° | SECS 
an atthe | ae | 
| -~20° | | | | | | 
ge Aa ime Fa ORY | ioscan? : 
Va aa | | | 
| | | | | | 


Fie. 17 Exvevator ANGLES 8 FoR VARIOUS FLETTNER SETTINGS 


[As a function of the angle of attack « (elevator free). The model was the 
same as for Fig. 16.] 


in which trim is obtained by means of Flettner controls on the 
elevator, the problems of stabilizer setting, adequacy of elevator 
control, and effectiveness of the Flettner become extremely im- 
portant. If the designer is to build the stabilizer as a rigid por- — 
tion of the fuselage structure, he must know the correct stabilizer | 
setting before building or even designing the plane. This ques-_ 
tion (at least for power-off flight) can very easily be answered in 
the wind tunnel, and several such investigations have been made ~ 
at our laboratory. In order to obtain data with regard to ade- 
quacy of elevator control and Flettner effectiveness, the most — 
straightforward procedure is to measure elevator-hinge moments 
as well as pitching moments for various elevator and Flettner 
angles. This, however, is a rather awkward and difficult matter 
on a complete airplane model. The alternative procedure here 
described has proved very satisfactory. The elevator is attached 
to the stabilizer by means of very small-size ball bearings which 
cause no disturbance of the surface of either portion of the tail. 
Arrangements are also made to clamp elevator and Flettner 
independently at any desired angle. Runs are first made with 
Flettner clamped neutral and elevator free, so as to determine 
the hands-off stability. Then with the model at a series of angles 
of attack, the Flettner is clamped at various angles and the free- 
elevator angle is observed. Finally, measurements of the pitch- 
ing moment are made with the elevator clamped in its extreme 
positions, both with Flettner neutral and with Flettner setting 
such that the free elevator assumes its extreme position. These 
data are sufficient to tell whether or not the plane can be trimmed 
at any point in the flying range with no force on the elevator 
controls. A more extensive series of pitching-moment measure- 
ments may also be made with elevator free and Flettner clamped 
at a series of angles. A set of curves of the latter type for an 
airplane whose controls are ample but whose stability near the 
stall is not satisfactory are shown in Fig. 16, and a typical family 
of curves for free-elevator angle at a series of Flettner settings is 
given in Fig. 17. 


4 Huicu-Lirr anp ABRODYNAMIC BRAKING DEVICES 


Several types of high-lift and drag-increasing, or aerodynamic 
braking, devices have been studied in our laboratory wind tunnel, 
but of these only one will be discussed here, since it appears at 
the present time to have considerable advantages over all the 
others. The bottom surface or split trailing-edge flap was first 
investigated, as far as the authors are aware, in 1921 in the wind 
tunnels at McCook, Field and the Navy Yard. Unfortunately, 
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without flaps, with flap on the 
center section only, with flaps 
on the outer wing panels only, 
and with flaps across both cen- 
ter section and outer wing 
panels. The results are given 
in Fig. 19. Thecurves for flaps 
and free-air ailerons are dis- 
cussed in the next section. (It 
should be mentioned that the 
curves for the wing without 
flaps were taken near the end of 
the investigation, which ex- 


tended over several months. 


Similar curves from runs near 


the beginning of the series of 
tests did not show the curious 


flat top at the stall and reached 
values of Cumex of 1.33. It is 


thought that warping of the 
model during the investigation 


Fig. 18 Tarerep Wine Wits Borrom SuRFACE Fiap 
(Dimensions are in inches and correspond to model scale.) 


the reports on these tests have remained confidential and have 
ever been published. A series of tests on a split trailing-edge 
“ap was described by Bamber in 1929.14 More recently there 
“as been considerable activity in connection with such devices, 
sponsored to a large extent by the Zap Corporation. Finally, 
‘ystematic tests dealing with bottom-surface flaps have very 
»ecently been made at Géttingen, and an explanation for their 
| ffect has been given.'* In March, 1932, an investigation of an 
'xtremely simple type of bottom-surface flap was undertaken for 
‘he Northrop Corporation and furnished very interesting results, 
ome of which are here discussed. A paper by Drs. Millikan and 
‘ein describing the experiments and results in detail is appearing 
-urrently in one of the technical journals. 

| The wing used in the tests was a tapered wing whose center 
ection was originally that of the 
W.A.C.A. 2415, while the tip was 
409. Unfortunately, the wing, 


caused a twist, so that in the 
later runs one side of the wing 
stalled before the other. Slight 
asymmetries in the flaps might 
easily counteract this effect, as 
was apparently the case.) The 
increase in Cmax from about 1.3 to 2.04 effected by the complete 
flaps is the most striking feature of the curves. In this con- 
nection the effects of center-section and outer-wing flaps ap- 
pear to be nearly additive. However, the decrease in the L/D 
ratio just below the stall from about 13 to about 6 is almost 
equally noteworthy, since it corresponds to a very considerable 
increase in the gliding angle for this condition. The increase in 
the diving moment is rather appalling, and at first sight seems 
almost to rule out the possibility of using the device practi- 
cally. However, subsequent tests on a model of a low-wing 
airplane, with a wing similar to the foregoing, but complete 
with tail surfaces, eliminate this apparent difficulty. The 
pitching-moment coefficients for this airplane are shown in 
Fig. 20 for the configurations without flaps, with outer-wing 


— 


hich was made of wood, warped 


/-onsiderably during the investi- 
| sation, so that these sections 


}vere not accurate. The wing 
/ind flaps are shown in Fig. 18. 


“The auxiliary airfoil there in- 


Hlicated will be discussed in the 
baext section.) The flap was 


nade of 0.039-in. galvanized iron 
|sheet and was screwed to the 


/oottom of the wing in three 
-sections—one on the center sec- 


ion and one on each outer wing 


joanel. The wing was tested 
14M. J. Bamber, ‘‘Wind-Tunnel 


[ests on an Airfoil Equipped With 

i Split Flap and Slot,’’ N.A.C.A. 
Technical Note No. 324 (1929). i! 2 3 4 
_ 1% B.Gruschwitz and O.Schrenk, G 

‘On a Simple Method of Increas- 
ing the Lift of Wings,” Zeits. fir 

| Plugtechnikund Motorluftschiffahrt, 
Mvol. 23, no. 20, p. 597 (Oct. 28, 
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Fia. 19 Cp, a, Cy Versus Cy For THE WING oF Fie. 18 


(Stalling-moment coefficients ('m are referred to an axis through the trunnion point indicated in Fig. 18. The 

curves refer to the following configurations: Boy z we 

with outer-wing flaps; D, wing with complete flaps; EZ, wing with complete flaps, and free-air ailerons in position 
A with neutral setting —10° from reference axis.) 


A, normal wing, no flaps; B, wing with center-section flap; C, wing 
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flaps, and with complete flaps. It appears that the addition of 
the flaps increases the downwash at the tail so much that the 
large diving moment of Fig. 19 is entirely neutralized for the 
complete flaps. For the outer-wing flaps the downwash is not 
quite enough to completely neutralize the flap diving moments, 
but even in this case the net diving moment produced by lowering 
the flaps is not unmanageable. In this connection it might be 
remarked that the Northrop Gamma as built for Frank Hawks 
and the Ellsworth Antarctic Expedition was equipped with flaps 
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tion of the problem was undertaken by Klein and Millikan, the | 
detailed results of which appear in the paper to which reference 
was made in the last section. A brief survey of the most impor- | 
tant results is given here. 

The two free-air ailerons employed are shown in Fig. 21, and | 
the five locations investigated are indicated in this figure and in. 
Fig. 18 by the hinge locations A-H. In Fig. 18 the aileron is 
shown in position C. The wing was also tested with the normal- 
type ailerons indicated in Fig. 18. Rolling- and yawing-moment 

coefficients will be denoted by Cr and Cy to avoid. 


confusion, where C, = rolling moment/qSb, Cs 
= yawing moment/gSb, q = dynamic pressure, 


S = wing area (not including that of free-air ail- 
erons), b = wing span. Aileron angles refer to 
displacements from assumed neutral settings, plus 
| angles corresponding toa lowering of the aileron 


trailing edge, and minus angles to a raising. ‘The 


the reference axes of the aileron and wing as in- 


us neutral settings are defined by the angle between 
= dicated in Fig. 21. The same convention as to 


signs holds as in the foregoing. The aileron angles 
are given in pairs, the first figure corresponding to 


the right aileron and the second to the left. A 


positive rolling moment is one tending to lower 
the right wing, and a positive yawing moment is 
one tending to retard the right wing. It is as- 
sumed that if the right aileron is given a negative 


ee C 
4 


angle (trailing edge raised), the desirable charac- 
teristics are that both rolling and yawing mo- 


| ments are positive. Moments of the desired sign 
are plotted as full lines, while undesirable signs or 


reversals of control are plotted as dotted lines. 
Unfortunately, at the time of these experiments 


there were not sufficient wind-tunnel balances 
available to measure lift simultaneously with 


rolling moment, yawing moment, and side force. 
Hence the moment curves are plotted against angle 


of attack uncorrected for wind-tunnel interference 
(au), and an auxiliary curve of Cz versus du is 


included. This curve is taken from a run with 
the same wing configuration, but without free- 


air ailerons. The normal ailerons had a total 


area of 7.0 per cent of the normal wing area, while 
the free-air ailerons had 5.6 per cent of the normal 


wing area. 
In Fig. 22 the moments are plotted for the 


se | 
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(For a low-wing monoplane model with and without bottom surface flaps and with various 
Cm is referred to the center of gravity of the airplane.) 


elevator and Flettner angles. 


on the outer wings only, and the lowering of the flaps in flight was 
accomplished with no difficulties by the pilot. 


5 Laterat-Controu DEVICES 


At the time of the first tests on the bottom-surface flaps at- 
tempts were made to secure satisfactory lateral control with the 
flaps lowered, by various modifications to the normal aileron 
system. None of these met with success. When the flap mecha- 
nism of the Northrop Gamma was designed, there was not suf- 
ficient time to permit of wind-tunnel tests on a lateral-control 
system. Consequently, free-air ailerons were used which were 
designed in accordance with suggestions from Mr. Temple Joyce. 
These ailerons were mounted above the trailing edge of the wing. 
It appeared to the junior author that these ailerons must lose 
much of their effectiveness at the stall and that a more suitable 
location should be possible. Accordingly, an extensive investiga- 


normal ailerons. The yawing moments are un- 
favorable throughout, and the rolling moments fall 
off badly at the stall. The relatively small values 
of C, at lowlift coefficients are not surprising in view 
of the size of the ailerons. Rolling moments for the free-air ailerons 
in positions Z and D are plotted in Fig. 23. These results are 
not as accurate as the others presented, since a correction due to 
side force was not included. However, they show that for the 
trailing-edge position EH, C; falls off very badly just above the 
stall, and at D the magnitude of the rolling moments up to the 
stall is unsatisfactory. Position B gave results much inferior tc 
A, and C was likewise not quite as satisfactory as A, so that only 
the latter will be discussed. In Fig. 24, rolling and yawing mo- 
ments for position A without flaps are given, while in Fig. 2é 
are similar results for position A with outer-wing flaps. Severa 
very striking features are apparent. C; increases with Cz up tc 
the stall. This is a very desirable characteristic, since it means 
that for a given rolling effect the tendency is for the aileron angles 
to be roughly the same for all angles of attack; i.e., if the contro 
is adequate near the stall, it is not oversensitive at the high. 
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Fie. 21 Fren-Arr AILbpRON DIMENSIONS AND LOCATIONS 
(As tested on the wing of Fig. 18. Dimensions are in inches and correspond to model scale.) 
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Fic. 22 Ronitinc AND YaAwina-MomMEnT Corrricimnts For NorMAL AILERONS AT VARIOUS SETTINGS 


(au is the angle of attack uncorrected for wind-tunnel wall interference. Desirable moments correspond to full 
lines, undesirable ones to dotted lines.) 
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speed attitude. The magnitude of C, just below the stall is 
much larger than with the normal ailerons, and a considerable 
C, still remains after the drop above the stall. In this connec- 
tion it is believed that the oscillations of the curves above the 
stall are probably due to the lack of symmetry in the wing; ie., 
for an accurate and symmetrical wing the curves would prob- 
ably go approximately through the middle of the waves which ap- 
pear in the figures. The yawing moments are in the correct sense, 
except for the cases in which one aileron is at 41/2 deg. This, 
as well as the negative values of C, for —6 deg, + 41/2 deg at 
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flown in this state. It appears from the results that the most 
satisfactory linkage for the ailerons would probably be one giving 
only up travel (i.e., complete differential) and allowing maxi- 
mum displacements from the neutral setting of about 45 deg. 
Such a free-aileron system can apparently be designed to give 
lateral control considerably better than that furnished by most 
present-day systems, and having the great advantage that its 
practical effectiveness is not decreased by the use of bottom sur- 
face flaps. It should be explicitly pointed out that flight tests 
on such a free-air aileron system have yet to be reported and 


Fie. 23 Roiirmnc Moments ror SYMMETRICAL FREE-AIR AILPRONS IN Positions D anv EL, aT VARIOUS 
AILERON ANGLES 


{The neutral setting in both positions corres pongeaie Sn angles of +1° from the wing reference axis (cf, 
ig. 21). 


large angles of attack, suggests that for the particular aileron- 
wing combination employed the optimum arrangement might 
be one with no down travel of the ailerons. The very large favor- 
able yawing moments for large aileron deflections just below the 
stall are very satisfactory. The effect of the flaps, at the angles of 
attack above 5 deg at which they would normally be used, is to 
increase both rolling and yawing moments for large aileron de- 
flections. The apparent decrease in effectiveness at small angles 
of attack when the flaps are lowered is probably of no practical 
importance, since an airplane would almost certainly never be 


that the configuration is such that its effectiveness will almost 
certainly be much affected by minor changes. Hence greai 
caution should be used in the initial attempts to apply the systerx 
to an actual airplane. 

The effect of the ailerons in position A on Cz, Cp, a, and Cx 
is shown by the highest curves of Fig. 19. Crmex is inereasec 
nearly 10 per cent, attaining a value with ailerons and flaps o' 
practically 2.2. The addition to the minimum drag coefficien' 
of the wing only is somewhat less for position A than for any o' 
the others. In the present tests this addition amounts to about 
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- 13 per cent of the minimum drag of the wing alone, but a large 
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| proportion of this is undoubtedly due to the very crude hinges [+ | : | il | | 
_ which were necessary for the wind-tunnel model. The Northrop He 
| Gamma was equipped with free-air ailerons in position H, which [ ie 
_ eauses more drag than position A, and the high performance ob- i | | | 
_ tained in flight tests indicates that the overall minimum drag 26 3 
_ is comparatively small. Peas | | 
6 PressurE-DIsTRIBUTION MEASUREMENTS Ce aa | | 
One more field in which the wind tunnel can be of great service - efile — 4 
to the designer has been brought out by investigations such as log Ui co be 
| those described. Whenever a new device is discovered such as ICs (Hy ¥) Sk | 
the N.A.C.A. cowl, the bottom surface flap, the free-air aileron, be Shan 
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Fie. 24 Roxiuine anp Yawine Moments FoR CAMBERED FREB- 
Arr AILERONS 


(In position A without trailing-edge flaps. 
to aileron angles of —15° from the wing-reference axis.) 


The neutral setting corresponded 


Fie. 25 Routine aNnD YAWING MoMENTS FOR THE CONFIGURATION 
or Fie. 24 
(But with bottom surface flaps attached to the outer wing panels.) 


new, very few, if any, data exist as to the distribution of forces 
on which the designer can base his stress analysis. In such cases 
pressure-distribution measurements are almost essential to ob- 
tain the necessary information. Experiments of this nature using 
a multiple manometer have recently been made at our labora- 
tory on the three devices mentioned and have furnished what are 
believed to be valuable data for the stress analyst. As long as 
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new devices are discovered, there will always remain an impor- 
tant field of this character. 


CoNCLUSION 


In the first part of this paper a series of general investigations 
of a more or less scientific nature has been discussed. It pos- 
sesses in addition to a theoretical interest, a possibility for 
rather general application to the practical phases of airplane 
design. In the second part a group of more specialized problems 
has been considered, all of which originated as investigations 
of special aspects of particular designs and at the request of air- 
plane manufacturers. The attempt has been made to indicate 
the varied nature of the problems for which the wind tunnel may 
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be advantageously used, and the valuable results which may be 
achieved by close cooperation between the designer and the aero- 
dynamicist conducting the tests have been mentioned. Finally, 
the way in which such detailed researches often lead to investiga- 
tions of broad scope and general interest has been illustrated with 
examples. 


[Note: Since the paper was presented, the results of the experi- 
mental investigation on the effects of turbulence on Crmax and of | 
the free-flight measurements of atmospheric turbulence have been 
published in a paper by C. B. Millikan and A. L. Klein, “‘The Effect 
of Turbulence; An Investigation of Maximum Lift Coefficient and 
Turbulence in Wind Tunnels and in Flight,” Aircraft Engineering, 
August, 1933, London. ] 


The results of tests of two 101,000-sq-ft single-pass con- 
densers in the Hudson Avenue Station of the Brooklyn 
dison Company are summarized, and the design features 
re briefly described. The steam-flow path of the Worth- 
‘ington condenser is through an effectively shallow tube 
ibank of the folded-layer type, having deep inlet lanes to 
facilitate the passage of steam with minimum pressure 
‘drop. The entire tube bank is contained in a practically 
‘cylindrical shell. In the Ingersoll-Rand unit the generally 
‘heart-shaped shell maintains with a decreasing volume of 
team an active flow over all tubes. Bypass lanes around 
‘the top sections of tubes allow part of the steam to reach 


HIS paper presents a brief summary 

} of the results of tests of two 101,000- 
sq-ft single-pass condensers in the 
(Hudson Avenue Station of the Brooklyn 
‘Edison Company. 


DersicgN CoMPARISONS 


Since these two condensers have been 
»extensively described elsewhere,* only a 
brief statement of their design features is 
given here. 

_ The steam-flow path of the Worthing- 
ton condenser, shown in Fig. 1, is through 
‘an effectively shallow tube bank of the 
| folded layer type, having deep inlet lanes to facilitate the pas- 
| sage of steam with minimum pressure drop. The entire tube bank 
is contained in a practically cylindrical shell. In the Ingersoll- 
‘Rand unit, the generally heart-shaped shell maintains with a 
decreasing volume of steam an active flow over all tubes. By- 
| pass lanes around the top sections of tubes allow part of the 
_ steam to reach the lower tube banks without passing through the 
| top section. 

|. The Worthington air cooler is placed internal to the shell as 
| being the most convenient location and involving the least costly 
construction. The Ingersoll-Rand design uses an external 
air cooler to provide a more efficient design of flow areas. 
Reheating is provided for in the condensate circuits of both 
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[ 1 Mechanical Engineer, Brooklyn Edison Company, Inc. Assoc- 
Mem. A.S.M.E. Mr. Landis received the degree of B.S. in Mechani- 
cal Engineering in 1922 from the University of Michigan. He went 
with the Brooklyn Edison Company in 1923 as technical assistant 
to the mechanical engineer, and since that time has been intimately 
Mi associated i in various capacities with the design and construction of 
the Hudson Avenue Generating Station. He was appointed to his 
' present position in 1932. 
| 2 Division Engineer, Plant Equipment Bureau, Brooklyn Edison 
; Company, Inc. Mr. Tucker received his B.S. in Electrical En- 
gineering in 1926 fromm Yale University. He was employed by the 
- Brooklyn Edison Company, Inc., in 1926 as a cadet engineer, and 
_ since 1928 he has been a member of the Plant Equipment Bureau. 
i 3 Power Plant Engineering, April 15, 1932, November, 1932; Power, 
| May 31, 1932. 
__ Presented at the Semi-Annual Meeting, Chicago, Ill., June 26 to 
_ July 1, 1933, of Tam Amprican Society or MucuanicaL ENGINEERS. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
_ of the Society. 
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 Punlopaneags of Two 101,000-Sq-Ft Surface 


Condensers 


By J. N. LANDIS! anp S. A. TUCKER,? BROOKLYN, N. Y. 


the lower tube banks without passing through the top 
section. The Worthington air cooler is placed internal 
to the shell as being the most convenient location and in- 
volving the least costly construction. The Ingersoll- 
Rand design uses an external air cooler to provide a more 
efficient design of flow areas. Reheating is provided for in 
the condensate circuits of both units, the Worthington 
using a contact-type reheating hotwell integral with the 
condenser and the Ingersoll-Rand having a 1600-sq-ft-sur- 
face closed reheater after the condensate pump, supplied 
with steam from one of the top bypass belts. Steam-flow 
control, air removal, and circulating systems are compared. 


units, the Worthington using a contact- 
type reheating hotwell integral with the 
condenser and the Ingersoll-Rand having 
a 1600-sq-ft-surface closed reheater after 
the condensate pump, supplied with steam 
from one of the top bypass belts. 

In the Worthington unit, a free longi- 
tudinal flow of steam is permitted by open- 
ings cut in the six tube support sheets 
wherever possible. Quite in contrast, the 
Ingersoll-Rand unit, as shown in Fig. 2, 
is divided into five separate longitudinal 
compartments by four closely fitted tube- 
supported sheets. Each of the three 
cold-end compartments is separately connected to its own sec- 
tion of the external air cooler, and the two warm-end compart- 
ments are connected in parallel to the remaining section of the 
air cooler with a throttle plate to limit the flow from the end 
compartment. Air removal is accomplished on the Worthing- 
ton unit by a three-element two-stage steam jet, and on the 
Ingersoll-Rand unit by eight primary and three secondary jets. 

Each condenser is served by two circulators, with separate 
water circuits from the inlet to the discharge tunnels. The 
Worthington unit, as shown in Fig. 3, has a conventional verti- 
cally divided water box, whereas the Ingersoll-Rand water box 
is divided into four horizontal sections, arranged for each cir- 
culator to supply two alternate sections. There are no valves 
in the main circulating-water system of either condenser. 
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ACCEPTANCE TESTS 


The tests on these two condensers represent the culmination 
of several years’ experience in performing tests on large power- 
plant equipment, including several condensers, by a group of 
test men organized principally for acceptance testing. The 
results are presented with the belief that they summarize the 
most comprehensive and carefully executed condenser tests 
publicly reported. 

The tests were unusual in that they determined the “cleanli- 
ness ratio” of the condensing surface. The manner of making 
the cleanliness ratio measurements has already been discussed in 
detail before the A.S.M.E. by Messrs. Hardie and Cooper. 


44 Test Method for Determining the Quantitative Effect of Tube 
Fouling on Condenser Performance,” by P. H. Hardie and W. S. 
Cooper. Trans. A.S.M.E., vol. 55 (1933), paper RP-55-3 
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In brief, the test consisted of determining the individual per- 
formance of 30 isolated tubes in various parts of the condensers, 
arranged in six groups of five tubes each, supplied with inde- 
pendently controlled circulating water. Each group of five tubes 
consisted of two new tubes and three existing used tubes repre- 
sentative of the condition of the condensing surface at the time 
of test. One new tube in each group was supplied with salt 
water, and the other, for purposes of a separate investigation, 
with fresh water. The ratio of the average thermal transmit- 
tance of the used tubes to the average transmittance of the salt- 
water new tubes was taken as the “cleanliness ratio” of the con- 
denser. In their contracts these condenser manufacturers and 
all others made guarantees which were to be corrected downward 
from a 100 per cent clean transmittance guarantee in direct pro- 
portion to the cleanliness ratio obtaining at time of test. 
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number of basket-type pressure tips distributed over 
the area of the turbine exhaust 

4 Absolute pressure at (each compartment of) the hotwell 
by absolute-pressure gages identical with those used at 
the turbine exhaust 

5 Condensate temperature leaving the hotwell (and the 
reheater) by precision mercurial thermometers. 

The amount of steam condensed was determined by weighing 
the condensate in the station weighing tanks. Sufficient read- 
ings were taken of turbine-throttle and feedheating conditions to 
permit computing the heat content of the exhaust steam. 

To ascertain the condenser-cleanliness factor during the period 
of test, six groups of isolated tubes were connected by a rubber 
hose to a separate supply of salt water measured at the outlet 
end by a calibrated bell-mouthed nozzle. One new tube in each 
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Each of the two acceptance tests consisted of nine 1-hr runs, 
confined to a period of two days. These runs covered the normal 
operating range of the turbine for both high and low speeds of 
the circulating pumps. During the night preceding the start of 
test runs, each condenser was completely rubber-plugged to 
secure uniformity of tube condition, and thus the most repre- 
sentative cleanliness ratio as measured from the relatively few 
sampling tubes. 


ACCEPTANCE-TEST PROCEDURE AND APPARATUS 
Readings were taken at 5-min intervals of— 

1 Inlet circulating-water temperature by two precision 
mercurial thermometers graduated to 0.1 deg F 

2 Outlet circulating-water temperatures by six precision 
mercurial thermometers graduated to 0.1 deg F 

3 Absolute pressure at the steam inlet by 11 specially con- 
structed absolute-pressure gages connected to an equal 


group was supplied with fresh water as a reference standard to 
indicate any tendency of the salt-water new tube to foul. The 
flow of water in each tube was held approximately the same as the 
average of all the condenser tubes. For measuring the tempera- 
ture rise in each tube, mercurial thermometers were inserted 
through rubber stoppers directly into the water stream. 

Air offtake temperatures were measured by mercurial ther- 
mometers inserted through rubber stoppers, and air leakage was 
determined from the standard equipment furnished by each 
manufacturer as part of the contract. 

Pressure drops for each part of the circulating-water system 
and the total and suction heads on the pumps were determined by 
mercury U-tubes. The electrical input and speed of the circula- 
tor motors were also separately measured. The principal test 
data are given in Table 1. 

Fig. 4 shows for the Worthington unit the absolute pressure 
and the calculated heat-transmittance coefficients obtained for 
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both high- and low-speed pump operation. Fig. 5 is a plot of 
the same results obtained on the Ingersoll-Rand unit. 

_ A question may arise as to why the curves of both tests show 
_. different cleanliness ratios at low and high speed on the circula- 
' tors. Fig. 6 shows the results of calorimeter measurements per- 
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TABLE 1 ACTUAL CONDENSER PERFORMANCE 
Heat 
trans- 
Heat mit- Abs. 
trans- tance® pres- 
Abs. mittance, Av.- Btu, sure 
Heat pressure , Btu per : temp. per hr at 
transf. at Hotwell Circ-water temp. Cire- | —Condenser— hr per sq ft Air air persqft con- 
Steam by cond., condenser temp.,! Out, In, water friction per deg Clean-» re- off- per deg denser 
Run Date, condensed, million nozzle, eg deg deg flow, A B F log liness moved, take, Flog nozzle, 
No 1932 per hr Btu per hr in. Hg F F gpm ft? ft2 m.t.d. factor ¢cf.m. °F m.t. in. Hg 
Worthington Condenser, High Speed 
1 6-13 732,100 684.0 1.09 81.7 6: 63.3 167,800 ay 17.3 490 0.68 nie 76 459 1.08 
5 6-13 562,900 531.4 0.93 76.5 68.1 61.6 165,400 ae Mines 455 0.68 4 73 437 0.95 
6 6-14 995,800 923.4 1.36 S805. (74.0) 162,70 166,000 mindset. Gun 6 30 OV O10 nD umnGS? ummn SO moc 
9 6-14 1,389,700 1282.1 1.82 97-7 77.5 61.9 167,800) 1750) 17778 45080080.50) 5. 590 SemcO7 ue 
10 6-14 731,300 682.1 1.09 81.7 69.9 61.4 1638008 17.9 - 17.9) 432 90:59 6 79) 48apemeeos 
Worthington Condenser, Low Speed 
2 6-13 721,600 675.3 1.20 84.2 74.1 62.7 120,500 3 9.5 44 0.72 4 79 419 1.19 
3 6-13 432,600 416.4 0.89 75.6 68.9 61.7 118,300 3 9.5 421 0.72 5 72 400 0.91 
4 6-13 568,700 536.4 1.01 79.5 aL) 61.9 119,500 oa 9.7 425 0.71 4 76 408 1.04 
ia 6-14 992,600 920.9 1.57 92.8 78.4 62.9 121,200 9.6 ON 422 0.64 5 87 442 1.49 
8 6-14 1,395,500 1286.2 2.13 102.9 83.1 61.6 121,900 9.7 9.6 428 0.62 5 96 472 2.01 
11 6-14 735,900 684.5 1.21 84.9 73.1 61.5 119,800 9.9 9.9 399 0.60 6 81 453 kG, 
Ingersoll-Rand Condenser, High Speed 
5 6-27 643,000 SMe TW 82.1. 74.3. 67.3 . 176,400) 15.6") 14.780 553) 0-78) 940 7S: | FOZ ede 
6 6-28 1,008,100 932.3 1.46 90:7 7914 (685 176.300) 14.5 15,2 bOo 6 Orbe 4 8by bbe 
9 6-28 1,350,300 1249.5 1.80 97.0 82.7 68.2 176,300 14.3 15.4 576 0.74 2 91 596 1.76 
10 6-28 768,600 714.1 1.22 85.3 75.9 67.6 175,100 14.3 15.3 651 0.74 2 81 575 1.21 
Ingersoll-Rand Condenser, Low Speed 
3 6-27 487,200 463,20 1.08 81.3 75.5 67.3 115,500 7.1 6,8 eeen403. 0820 edeee-80 470 ee eel 
4 6-27 643,100 602.1 1.24 85.8 78.1 67.4 115,300 730 6.8 493 0.81 4 83 480 1.27 
“f 6-28 1,012,000 935.3 1.75 96.5 85.4 68.6 113,600 7.0 6.8 501 0.77 2 92 513 1.69 
8 6-28 1,361,000 1256.9 2.26 105.2 90.5 68.1 114,500 6.8 6.8 5613 0.76 2 99 531 2.20 
11 6-28 772,500 717.6 1.40 89.9 80.7 68.0 114,900 6.8 6.8 496 0.76 2 86 517 1.38 


1 For Ingersoll-Rand temperature at reheater outlet. 


temperature. I 
cleanliness factor; 68 F inlet temperature. 


formed by the Ingersoll-Rand Company in 1929 on several 
used tubes taken from a Hudson Avenue condenser and on two 
sections of new tube. This test work illustrates that dirty 
tubes do not respond to increases of velocity as do clean tubes. 
This condition is explained by the fact that an increase of water 
velocity effects a reduction only in the resistance to heat flow 
of the water film, which is a much smaller proportion of the 
total resistance in the case of a dirty tube than in the case of a 
clean tube. 


CoNncLUSION 


It is natural to expect this paper to make a final comparison 
of the performance of the two condensers. In order to do this it 
would be necessary to make corrections to the test results be- 
cause of the unavoidable differences in test conditions relating to 
cleanliness, circulating-water quantity, and circulating-water 
temperature. The manufacturers’ correction for cleanliness 
has been discussed, and the correction factors commonly used 
by condenser manufacturers for the effect of circulating-water 
velocity and temperature are available in the technical press.® 
The authors might use these correction factors as a basis for a 
final comparison of the two condensers, but because they are of 
the nature of values accepted by the manufacturers for commer- 
cial purposes instead of being values derived from test from the 
specific condensers in question, it is considered better to confine 
this paper to the reporting of test facts and to leave to others the 
making of comparisons. 

The test results are believed to show fairly the performance of 
two modern condensing units under as closely parallel conditions 
as it is practical to secure. 

Both condensers have performed satisfactorily, and in their 
ability to hold materially better than the guaranteed full-load 
vacuum they have exceeded expectations by a comfortable 
margin. 
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2 Feet of salt water. 
corrected to: High speed, 166,000 gpm; 0.65 cleanliness factor; 62 F inlet temperature. 
Ingersoll-Rand corrected to: High speed, 176,000 gpm; 0.765 cleanliness factor; 68 F inlet temperature. 


8 Gage inoperative. ‘4 Air leak found after first half-hour. § Worthington 
Low speed, 120,000 gpm; 0.68 cleanliness factor; 62 F inlet 
Low speed, 115,000 gpm; 0.79 


under the direction of Mr. P. H. Hardie, Test Engineer of the 
Brooklyn Edison Company’s Research Bureau. 


Discussion 


Paut Bance.* The paper is an important contribution to 
the literature on surface condensers. A great deal of thought, 
time, and money lies behind the testing work of the Brooklyn 
Edison Company. The difficulties incident to testing a con- 
densing plant of this great capacity can hardly be realized. 

The design of the Ingersoll-Rand condenser follows the funda- 
mental principles of all condensers built by the company, but 
in view of the special problems associated with the size of this 
unit, two sets of experiments employing models were made pre- 
liminary to construction. 


Fie. 7 Typican Mopr, Water-Box Trst 


6 Manager, Condenser Department, 
New York, N. Y. Jun. A.S.M.E. 


Ingersoll-Rand Company, 


_ sion, and the model tests were made to 
| determine the best flow paths for mini- 


from twin nozzles located at the bottom 


nating troubles from inlet-tube corro- 


» is greatly reduced because of the shallow- 


| inlet-tube corrosion. 
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Tests were made to study the flow lines 

/ and areas in the water boxes, 28 model 
set-ups being photographed. The actual 

“boxes were to be divided into four hori- 
| zontal compartments, with side admis- 


_ mum turbulence when feeding the water 


of the inlet box and discharging from two 
nozzles on opposite sides near the top of 
the outlet box. Photographs shown in 
Figs. 7 and 8 are typical. The model is 
- a composite arrangement for both inlet 
_and discharge to the first and third com- 


ent heights improves the flow conditions 
- at the entrance to the tubes, thus elimi- 
sion. The frothing effect of the water 
ness of each compartment and the rela- 
tively small difference in water pressure 
between the top and the bottom; further- 
more, the horizontal flow tends to pre- 
vent pocketing and regions of air libera- 
tion and frothing. At the Hast River 
Station of the New York Edison Com- 
pany, this design, combined with vent- 
ing, in a water box divided into three 
horizontal compartments, has eliminated 


_ The second series of tests were more 
elaborate. Figs. 9A to 9E show model 

condensers which were built to study 
- comparative pressure losses of different 
tube layouts. In each case the number of 
tubes per square foot of tube-sheet area 
is the same. Relatively large quantities 


being rejected to a supplementary condenser. 
flow was several thousand pounds, so that the steam condensed, 


Fig. 8 Typrtcan Moprn WatreR-Box Trust 


of steam at high vacuum were passed through these small con- 
densers, part of the steam being condensed and the remainder 
The total steam 


steam rejected, velocities, pressure drops, etc. were amply large 
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Fic.9 Mopru ConpENseR-TUBE SHEETS AS USED FoR COMPARATIVE PressuRE-Drop TEstTs 


for accurate measurement. In this way characteristic curves 
were obtained of the pressure loss with varying flows through 
the different tube banks. On the basis of these tests, the tube 
arrangement for the actual condenser was selected and the pres- 
sure drops calculated. 

The actual pressure drops for the five longitudinal compart- 
ments during test 11 are given in Fig. 10 based on observations 
taken by the Brooklyn Edison Company’s Research Bureau. The 
table gives the calculated loading per square foot in each com- 
partment when the entire surface is satisfied. The relatively 
cold water in the first compartment results in a condensing 
capacity over twice that of the last compartment. The agree- 
ment of the measured drops with the calculated gradations is very 
close. 

The average pressure loss is 0.104 in., as shown. On the warm 
end it is so small that it was difficult to measure. The pressure 
loss at the cold end is about 0.2 in., and this is evidence that the 
steam flow in this section was in accordance with the calculated 
condensing capacity. 

The paper may give the impression that there is insufficient 
area between the turbine and the entrance to the tube bank of 
the Ingersoll-Rand condenser for easy or free deflection of flow 
toward the cold end. Figs. 10 and 11 and the following calcula- 
tions show that any force to cause deflection of the steam be- 
tween the time it leaves the turbine and enters the tube bank is 
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negligible. The writer appreciates that steam flows and pressure compartments; the center of flow of this half of the steam is 
are far from uniform in a turbine-exhaust casing, but this does shifted about 2 ft toward the cold end. Therefore, the hori- 
not alter the present line of reasoning. zontal component of the velocity diagram is 2 ft as against 

As shown, one-half of the steam is condensed by the first two 20 to 10 ft vertical component, depending on whether the stream 
starts to bend near the top or near the bottom of the turbine 


peace" Cee casing. The horizontal component is therefore 10 to 20 per cent 
ie Soe ‘ NS of the vertical. The average flow velocity is about 250 ft per 
age, at sec at the turbine nozzle and considerably less (150 to 200 ft) 
i Sy ; bin Bee at the condenser. It follows that the horizontal component 


r may be as low as 15 to 25 ft per sec and not over 50 ft per sec. 

zo In other words, the required velocities and forces of deflection 

ee | , are exceedingly small. In contrast the forces required for pene- 

i q tration at one end as compared to the other are appreciable and 

can be readily measured in terms of pressure drop. It should be 

emphasized that the problems of steam deflection are entirely 
distinct and different from those of steam penetration. 


C. F. Harwoop.? The method developed for determining 
the relative percentage of tube cleanliness in a surface condenser 
discloses the skill and accuracy displayed in obtaining the data 
reported in this paper. The performance of both condensers as 
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fe __ | indicated by these tests is of a high order, especially so in view 

= Ts oc eae os ee of the percentage of tube fouling present. 
nie ais ; It is unfortunate that the tests on both units were not made 
pusep beasige Jah A under more nearly equal conditions of tube cleanliness and cir- 
; 4 5 culating-water temperature, so that a comparison of performance 


could be made without the necessity of applying any corrections 
for the differences in water temperature, quantity, and tube 
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cleanliness obtaining when the observations were taken, but 
unless such corrective factors are applied it is difficult to obtain a 
correct idea of the relative performance of the two condensers. 
_ A casual inspection of the data and curves indicates that the 
' Worthington condenser is producing a lower absolute pressure 
with a lower temperature of circulating water and with dirtier 
tubes, and that the Ingersoll-Rand condenser is showing a higher 
coefficient of heat transfer with a higher temperature of circulat- 
| ing water and cleaner tubes, but the extent to which these 
| ° differences in water temperature and tube cleanliness would 
affect comparative performances can only be made evident by 
the application of correction factors which will place both units 
on a common basis of tube cleanliness, circulating-water tem- 
| perature, and quantity. The authors state that the application 
of such corrections has been left to others, and there are therefore 
submitted herewith curves for both condensers showing absolute 
pressures and coefficients of heat transfer based upon equal 


> conditions of circulating-water temperature and quantity, and 


equal percentages of tube cleanliness. 
__ These curves have been constructed in the following manner: 

The performance curves of the Ingersoll-Rand condenser, drawn 
in dotted lines, have been reproduced in Fig. 12 as shown by the 
authors in Fig. 5 of their paper. The performance curves of 
the Worthington condenser, shown in full lines, have been 
plotted from the ‘actual condenser test performance”’ data con- 
tained in the paper, with the necessary corrections applied to the 
observed circulating-water temperatures and quantities and 
percentage of tube cleanliness, so that these correspond to 
those of the Ingersoll condenser as indicated in Fig. 5 of the 
paper. 

These corrections are made on the following bases: (a) Cir- 
culating-Water Temperature. By means of the temperature 
correction curve incorporated in the September, 1932, issue of 
Power and which is in common use by practically all condenser 
manufacturers today. (6) Circulating Water Velocity. In 
accord with ratio of square roots of velocities. (¢) Tube Cleanli- 
ness. In ratio of observed percentages of cleanliness, as such 
cleanlinesses are stated in the paper. 

Both condensers are therefore placed on a common basis of 
operating conditions, and their relative performance is more 
clearly indicated. 


D. W. R. Moraan.’ The main value of the paper is that it 
demonstrates the feasibility of equating actual performance 
with guarantees, and if properly applied, eliminates the argu- 
' ment between manufacturer and operator concerning the condi- 
tion of the tube surface at the time of tests. Further, the data 
may be used by the operator in determining what factor to apply 
as regards excess surface and water, in order to maintain the 
desired vacuum under average operating conditions. 

The authors state that both condensers have performed satis- 
factorily and maintain better than guaranteed full-load vacuum. 
Emphasis should be laid on the fact that this good performance 
is not evident if one simply accepts from casual examination the 
actual Btu transfer rates referred to in the paper. As an ex- 
ample, the maximum rate of the Worthington condenser is 507 
Btu; the maximum rate for the Ingersoll-Rand is 596 Btu. 
Equating these values to the nominal guarantee basis, they 
become, respectively, 780 Btu for both condensers, assuming the 
average cleanliness specified. 

However, it should be noted that although the Btu rates are 
_ good, they were obtained at the expense of high velocity, and 
therefore increasing the pumping cost. Based on information 
published in Power, the water velocities through the tubes are 


8 Westinghouse Elec. & Mfg. Co., South Philadelphia, Pa. Assoc- 
Mem. A.S.M.E. 
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8.3 fps at high-speed operation and 5.93 fps at slow-speed for 
the Worthington condenser, and 8.88 fps at high-speed operation 
and 5.8 fps at low-speed for the Ingersoll-Rand condenser. 

The tube-fouling conditions at this station may warrant and 
justify the high velocities used, as high velocity is conducive to 
maintenance of clean tubes under certain conditions of fouling. 

The authors mention the fact that the two condensers de- 
scribed are radically different in design. This leads one to 
suggest that No. 6 unit, operating in the same station, should 
have been included in the comparison. Naturally, in expressing 
this thought the writer has a selfish motive in mind. 

The performance of No. 6 unit was creditable, and when 
equated to the same basis indicates performance comparable 
with the condensers described by the authors. This condenser 
gave a Btu rate of 410 at high-speed operation, corresponding to 
7.0 fps water velocity. Compared on the same basis as the 
Worthington and the Ingersoll-Rand, the rate becomes 594 to 630 
Btu, depending upon whether a cleanliness factor of 65 per cent 
or 69 per cent is used. 

Equating the velocities to a common basis would justify a 
rate of 780 Btu for No. 6 unit, at the equivalent velocity. 

Results indicating the performance with larger quantities of 
air leakage would be of interest, because experience indicates 
that condenser performance is appreciably affected by increased 
leakage. 

The writer has noted a reduction in the transfer rate of approxi- 
mately 35 per cent on isolated tubes located in the so-called 
active part of the tube nest, merely by increasing the air leakage, 
all other conditions remaining the same. He mentions this 
fact because of its importance in comparing test results. It 
should be noted that in the case of the Ingersoll-Rand the leakage 
varies from a minimum of 2 to a maximum of 4 cu ft per min. 
The Worthington varies from 4 to 6 cu ft per min. The air 
leakage on the No. 6 unit varied from 4 to 16 cu ft per min. 

The authors mention the fact that tests illustrate that dirty 
tubes do not respond to increased water velocity. This state- 
ment is verified by tests made under the writer’s direction, and 
covering the period from 1917 to 1926. The slope of the curve 
with clean tubes closely approximates the established law, 
varying as 0.5 power, whereas, depending upon the nature of 
fouling, a dirty tube varies as 0.2 to 0.3 power. 

Referring to Fig. 6, the writer would like to know if tests were 
made condensing or non-condensing. 

The authors suggest the great need of advancing the knowledge 
of the subject of condensers, comparable to that of turbines. 
The writer thoroughly agrees with the conclusion. However, 
he wishes to point out that difficulties lie before us, and a greater 
amount of standardization must be accepted by the operator 
on such vital points as: (1) Relation of condenser to turbine 
exhaust—namely, set at right angles or parallel to the turbine 
shaft. (2) More thorough exploration of pressure at inlet of 
condenser and through the tube nest. (3) A uniform distribu- 
tion of steam from the turbine exhaust. 


Joun F. Gracz.? Were both condensers tested under more 
uniform cleanliness and water temperature and were they the 
product of one maker, discussion of factors of correction would 
not be so wide or so susceptible to the sales viewpoint, against 
which engineers have developed no satisfactory screening equip- 
ment. 

The layout engineer senses that performance is influenced by 
simplicity of arrangement and connections. The builder of the 
heart-shaped condenser required a wider turbine supporting 
structure and more liberal space than the builder of the cylindrical 
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condenser, who would have further improved performance if 
granted equal space. Figs. 1, 2, and 3 show both condensers to 
the same scale, and Fig. 1 shows the cylindrical condenser pre- 
senting the longer line of “front row” tubes. 

The layout of the 160,000-kw units at Brooklyn is with con- 
denser tubes parallel to turbine shafts and both 90 deg to crane 
rails. Lateral space is thus important to accessibility, operation, 
and performance. Seven such units can be comfortably housed 
in a turbine room of the dimensions at Hudson Avenue if heart- 
shaped condensers are installed, while eight can be as well housed 
if the cylindrical type is chosen. Space is thus a serious “‘per- 
formance” factor, and the cost of a building to house an addi- 
tional 160,000-kw turbo-generator and auxiliaries is a not in- 
considerable item when limits of output and of downtown real 
estate are approached. 


Pauu Diserens.!® The paper seems to be the first serious 
attempt to take into account the condition of surface cleanliness 
in reporting condenser tests, especially where units of large size 
are concerned. The thoroughness with which the authors 
have conducted their tests and the painstaking care which they 
have exercised in planning and completing their work should 
lend a high degree of credibility to the results which they publish. 

Consideration of the cleanliness factor in appraising the per- 
formance of a condenser is extremely important, because without 
definite information as to the magnitude of this factor, no con- 
clusive significance can be attached to any condenser test results. 
In stating their conclusion, the authors say they ‘‘doubt the 
soundness of the cleanliness correction for making accurate 
comparisons where large differences are involved,” and “recent 
test work confirms the inaccuracy of a straight-line cleanliness 
correction.” 

It would seem that what the authors mean to say is that the 
correction factor applying to any selected group of sample tubes 
within a condenser cannot be taken with absolute assurance to 
represent the actual cleanliness factor of the entire condenser. 
No one would question the 
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TABLE 2 WEIGHTED AVERAGE AS RECOMMENDED BY 
MR. HODGKINSON 


U U 
Test No as reported weighted average 
0.68 0.712 
0.68 0.675 
0.61 0.610 
0.59 0.587 
0.59 0.586 
0.78 0.789 
0.75 0.743 
0.74 0.742 
0.74 0.737 


TABLE 3 PERFORMANCE OF TWO 101,000-SQ-FT SURFACE 


CONDENSERS 
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Wi-6 cacesaters 6-14 448 463 0.61 0.597 62.7 0.947 819 
W-9iiele jae 6-14 436 459 0.59 0.577 61.9 0.940 846 
WalOer ain. 6-14 419 432 0.59 0.568 61.4 0.935 813 
TR-5 se oes 6-27 591 553 0.78 0.794 67.3 0.984 708 
TR-63. 2 antec 6-28 581 563 0.75 0.758 68.5 0.992 749 
DR -O)rasverne 6-28 590 576 0.74 0.746 68.2 0.990 780 
TR-10. 0 ae 6-28 571 551 0.74 0.749 67.6 0.986 746 


Hodgkinson, we note a remarkably close agreement, as indicated 
in Table 2. 

An examination of the data in the Hardie and Cooper paper 
does, however, throw some light on the possible explanation of 
the small discrepancy to which the authors call attention. It 
will be noted that for some of the tests reported, noticeably 
those on the Ingersoll units, the average heat-transfer coefficient 
for the dirty tubes in the selected sample groups does not co- 
incide with the average coefficient for the entire condenser, the 
margin in some cases being of considerable proportions. In the 
case of the Worthington tests, the margin of difference is very 
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straight-line relationship of the 
cleanliness correction in so far 


as the selected groups of sample 


tubes is concerned except for 
any small change in steam dis- 


tribution within the condenser 


which might accompany 
changes in heat transmittance 


at any given load. This, how- 


ever, is a factor which need 
not be discussed at this time. 


What we are really interested 


EEA 


in is an examination of the 
data reported by the authors 


CLEANLINESS FACTOR, PER CENT 


CLEANLINESS FACTOR, PER CENT 


to see how closely the factor 
reported for the selected groups 
of tubes represents the cor- 
responding factor for the entire 
condenser. Various sugges- 
tions have been made to the 
Power Test Code Committee for securing the best possible aver- 
age of the various sample tubes selected. Mr. Hodgkinson has 
suggested an average weighted to account for any variation in 
rate at which the various tubes may be working. The authors 
have preferred to use the arithmetical mean. If we refer back 
to the paper by Messrs. Hardie and Cooper presented in Novem- 
ber, 1932, and recalculate the average as suggested by Mr. 
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Fig. 13 Reuation BerwEen CLEANLINESS FACTOR AND COEFFICIENT OF Hnat TRANSFER AS 
AFFECTED BY POSITION IN CONDENSER 


much smaller, all of which is shown by columns 3 and 4 in 
Table 3. 

It is apparent, therefore, that if we know the relationship be- 
tween cleanliness factor and coefficient of heat transfer for a 
tube of given cleanliness, we can calculate from the factor actually 
measured on the selected groups of sample tubes the actual factor 
for the entire condenser in order to correct for the discrepancy 
noted. This relationship is discussed in the paper by Mr. 
Townsend Tinker at the A.S.M.E. meeting, Chicago, June, 1933, 


FUELS AND STEAM POWER 


and need not be enlarged upon here. It will be interesting to 
note, however, that experimental data reported by Messrs. Hardie 
and Cooper applying to the identical tests reported by the 
authors of this paper clearly show this relationship. Fig. 13 has 
been plotted from the data covering tests Nos. IR-9, W-9, IR-8, 
and W-8. Certain of the tests at lower capacity do not indicate 
this relationship quite so clearly, but we may assume that the 
decrease in cleanliness factor is directly proportional to the heat 
transmittance as indicated in Fig. 13, and this therefore gives us 
a basis for calculating the true cleanliness factor for the entire 
condenser based on the cleanliness factor as measured in the 
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Fig. 14 Comparison OF PERFORMANCE, WORTHINGTON CORRECTED 
to INGERSOLL-RAND CoNDITIONS 


selected groups of sample tubes. In Table 3, the factors as re- 
ported and corrected are in columns 5 and 6. 

While the modification as calculated may seem small, it is 
nevertheless of sufficient magnitude to account largely for the 
discrepancy reported by the authors, all of which will be ap- 
parent upon referring to Fig. 14. It should be noted that test 
No. W-1 has been omitted, because during this test as reported 
by the authors air leakage was excessive. 

It is hoped that the analysis of the authors’ data which the 
writer has given will assist in enhancing the credibility of their 
methods for measuring cleanliness factor. Their experience in 
conducting tests of this character will be of great assistance to the 
committee now engaged in considering the possibility of including 
a condenser cleanliness factor in the Power Test Code. 


C. L. WappEetu." This paper states that the tests conducted 
by the Brooklyn Edison Company and reported in detail by 
Messrs. Hardie and Cooper determined the “cleanliness ratio” 
of the condensing surface. In reality, the tests only established 
the “cleanliness ratio’ for the selected tubes. The tests do, 
however, give us all the necessary data to determine very ac- 
curately the true ‘‘cleanliness ratio” for the entire condensing 
surface by calculation. This correction has been covered by 
Mr. Diserens in his discussion. 

The paper states that the condenser manufacturers made 
guarantees which «were to be corrected downward from 100 per 
cent clean transmittance guarantee in direct proportion to the 
“cleanliness ratio” obtaining at the time of the test. Using the 
authors’ definition of ‘‘cleanliness ratio,’ it would seem from 
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Mr. Diserens’ discussion that this method of correcting guaran- 
tees for cleanliness might either be unfair to the buyer or the 
manufacturer of the condenser. If the average heat-transfer 
coefficient for the selected tubes is higher than for the entire 
condenser, the cleanliness ratio as determined by the tests would 
be unfair to the buyer of the condenser, because the tests would 
show better performance than was actually obtaining. If the 
average heat-transfer coefficient for the selected tubes is lower 
than for the entire condenser, it would be unfair to the manu- 
facturer of the condenser, because the tests would show poorer 
performance than was actually obtaining. It is therefore neces- 
sary to correct the cleanliness ratio in the manner suggested by 
Mr. Diserens to obtain the true performance. 

The graphs by Mr. Diserens show that all the actual test 
points on the dirty tubes are at fairly high heat transfer. He 
has assumed a straight-line variation between the average of 
these points and the point of 100 per cent cleanliness factor and 
zero heat-transfer coefficient. We must take into account that 
the correction is small where the location of the selected tubes is 
such that their average heat-transfer coefficient is close to that 
for the entire condenser. Therefore, it is not only permissible 
but logical to assume the straight-line relationship for these 
small corrections. 

The Subcommittee on Condenser Tests of the Power Test 
Code Committee recommended tentatively in its report dated 
Sept. 24, 1932, the type of test for obtaining condenser cleanliness 
factor as covered by this paper. No mention was made in these 
recommendations as to the maximum allowable variation be- 
tween average heat-transfer coefficient for the selected tubes and 
for the entire condenser. In the light of the data in this paper 
and the discussion upon it, it would appear advisable for the 
Power Test Code Committee to consider limiting this variation. 
It is suggested that the allowable variation be set at 5 per cent 
plus or minus, and when the variation exceeds this amount, that 
the test-tube locations be changed to bring the results within this 
limitation. 

The curves for heat-transfer coefficient and absolute pressure 
shown in this paper do not show the actual test points and are 
not corrected for differences between average heat-transfer 
coefficient for the selected tubes and for the entire condenser. 
When the test points are plotted without this correction, they 
do not fall as nearly on the curve as they do with the correction 
as shown by Mr. Diserens’ figure. This further substantiates 
the writer’s belief that this correction is desirable in a proper 
interpretation of the test data. 

It might be well to outline in detail the method for correcting 
the test data to obtain the true cleanliness factor for the entire 
condenser: 

(a) Average the cleanliness factors for the selected dirty 
tubes. 

(b) Average the heat-transfer coefficients for the selected 
dirty tubes and check to see whether this is within 5 per cent 
plus or minus of the heat-transfer coefficient for the entire con- 
denser. 

(c) Plot the average heat-transfer coefficient for the selected 
dirty tubes as abscissa against the average cleanliness factor for 
the selected dirty tubes as ordinates. 

(d) Draw a straight line from this point to the point of 100 
per cent cleanliness and zero heat-transfer coefficient. 

(e) Read up from the average heat-transfer coefficient to this 
straight line to obtain the true cleanliness factor for the entire 
condenser. 


Auruors’ CLOSURE 


Mr. Bancel’s comments are in the nature of an addition to the 
paper and call for no comment by the authors. 
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The discussion offered by Mr. Harwood shows a computed 
curve of performance for the Worthington condenser corrected 
to the Ingersoll-Rand test conditions. The authors can neither 
substantiate nor repudiate the correctness of this computation 
by test fact. The corrections employed for water velocity and 
water temperature are generally accepted and are of relatively 
small importance to the comparison. The correction for tube 
cleanliness in direct proportion to the cleanliness factors reported 
is entirely in agreement with the correction factor relationship 
which forms a part of each contract, but which is subject to 
question. 

The authors have in hand some additional data from a series 
of test runs made in connection with an entirely independent 
investigation of the accuracy of sampling possible with isolated 
test tubes. These runs were at lower water temperature and 
lower cleanliness ratio than either of the acceptance tests re- 
ported in the paper. Since the Ingersoll-Rand acceptance test 
was made at higher water temperature and higher cleanliness ratio 
than the Worthington test, a sort of interpolation of the Ingersoll- 
Rand performance is now possible. 

This interpolation is limited in that the recent runs were made 
only in low circulating-pump speed and in that the two variable 
elements in the comparison—the water temperature and the 
cleanliness ratio—cannot be separated from each other without 
assuming that the manufacturer’s correction for temperature 
holds for the performance of this Ingersoll-Rand condenser. 
Such an interpolation, when performed on the Ingersoll-Rand 
heat transmittance coefficient, shows that substantially no differ- 
ence in performance would exist between the condensers were 
they both to be tested under the conditions existing at the time of 
the Worthington test. 

In drawing a comparison between the Westinghouse No. 6 con- 
denser at Hudson Avenue and the tests reported in this paper, 
Mr. Morgan is using commercial correction factors to an even 
greater extent than is required to compare the Worthington and 
Ingersoll-Rand units. The authors have stated in the paper that 
they have hesitated to use such correction factors not supported 
by their own test work on the specific condenser to which the 
correction is applied, and for this reason can make no further 
comment on Mr. Morgan’s discussion. 

Mr. Diserens, in his discussion, calls attention to the fact of 
position of isolated test tubes in the condenser affecting the 
cleanliness ratio even when assuming a specific condition of dirt 
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film common to all tubes. Tubes near the steam inlet having 
high heat-transfer rates are adversely affected by a given dirt film 
to a greater extent than those near the air offtake whose heat- 
transfer rate is relatively lower. Mr. Tinker’s paper contains 
an analysis which can be applied to the explanation of this fact. 

Our test work attempted to eliminate the necessity for a cor- 
rection such as Mr. Diserens has suggested by an initial selection 
of test tubes such that the average heat transmittance of the 
isolated tubes would be as near as possible to the average of the 
entire condenser. The degree of success with which this has 
been accomplished is shown by the very small magnitude of Mr. 
Diserens’ correction. 

A refinement is necessary to the computation of the Ingersoll- 
Rand results in Table 3 before a true comparison is possible. 
Mr. Diserens’ values for sample-tube averages are based on tem- 
perature differences between the circulating water in the tube 
and the estimated temperature of the steam surrounding the tube 
as presented in the Hardie and Cooper paper for comparison of 
isolated tube performance. For comparison of isolated tube 
performance with overall condenser transmittance, the authors 
prefer to use the temperature of steam at the condenser inlet. 
When transmittance coefficients are computed on this basis, the 
sample tube averages are found much closer to the average for 
the entire condenser. 

Since the receipt of Mr. Diserens’ discussion, the authors have 
plotted the results of the additional test work previously referred 
to in a manner similar to Fig. 13. This data would not justify 
the straight lines projected through to 100 per cent cleanliness 
factor at zero heat transmittance, as shown in Fig. 13. 

The authors take this opportunity to acknowledge the value 
of Mr. Diserens’ analyses and will utilize additional data as they 
become available to establish by test fact the principles he has 
pointed out. 

At the present time the authors do not have sufficient informa- 
tion to justify endorsing Mr. Waddell’s proposed method for 
correcting test data. It does appear highly desirable, as he has 
pointed out, to select the isolated tube groups so that the average 
of the isolated-tube heat-transfer rates shall be as close as pos- 
sible to the average for the entire condenser. As will be seen 
from the comparisons brought out in Mr. Diserens’ discussion, 
these correction factors will be quite small when the average 
transmittance of the isolated tubes and that of the entire con- 
denser are nearly alike. 
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Radiation From Luminous and Non-Lumi- 
nous Natural-Gas Flames 


By RALPH A. SHERMAN,! COLUMBUS, OHIO 


From the data presented in the paper, these conclusions 
in regard to the transfer of heat from luminous and non- 
luminous gas flames are made: Luminous gas flames are 
now being obtained principally with slow-moving, strati- 
fied streams of air and gas, which, from the viewpoint 
only of efficient combustion, are much inferior to non- 
luminous flames. Combustion is extremely rapid in pre- 
mixed, non-luminous flames, which results in a high- 
temperature zone near the burners. Although natural- 
gas flames can be produced that have an emissivity ap- 
proaching that of a black body and consequently a higher 
rate of heat transfer than a non-luminous flame, the total 
radiant-heat transfer from the flame and the wall, in 
those furnaces having walls hotter than the work being 
heated, will not be much greater for the same flame tem- 
perature than with a non-luminous flame. The advan- 
tage of a luminous flame in many heating processes lies 
not in a higher rate of heat transfer, but in a more uni- 
form transfer over the entire furnace as a result of the 
slow combustion and slow heat liberation. The presence 
of free carbon probably has a beneficial effect in the 
reduction of oxidation and the scaling of steel. 


been evidenced in the combustion 

and radiation characteristics of 
gas flames. This has come about from the 
greater availability of gas for industrial 
use through the wide spread of natural- 
gas pipe lines, the desire for increased 
efficiency in combustion, and the need in 
cértain applications for better control of 
the oxidizing characteristics of the flame. 
Gas may be so burned as to produce 
either luminous or non-luminous flames, 
and discussion has arisen as to the merits of the two types of 
flames, particularly in regard to the rate of heat transfer by 
radiation from the flame to the work in the furnace. Conflicting 
statements that have appeared in these discussions and in the 
technical press show that a clear understanding of the differences 
between the two types of flames is lacking. This paper pre- 
sents a discussion of the knowledge of the chemistry and phy- 
sics of combustion and heat transfer of gas flames and some new 
data on large-scale laboratory combustion experiments in the hope 
that some of the haze that now surrounds the subject may be dis- 
pelled. 


Ricerca interest has recently 
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SOURCES OF FLAME RADIATION 


There are two sources of radiation from flames: (1) the non- 
luminous gases, CO. and H,O, and (2) the luminous carbon 
particles. The radiation from CO, and H.O does not follow the 
“fourth-power of the temperature,’ or Stefan-Boltzmann law 
that: applies to solids; these gases radiate in only certain bands 
of the spectrum, and although Schack(1)? made available 
formulas for the calculation of their radiation, their use is so 
complicated that they are best found from curves which have been 
published in English units by Hottel(2) and recently by Fishen- 
den and Saunders.(3) The data of Schack on the radiation of 
water vapor havelately been superseded by the work of Schmidt;(4) 
these data have been presented in English by King.(5) 

Luminous radiation—that is, the radiation from solid particles 
suspended in the flame—follows more nearly the laws of radiation 
from solids. A flame containing carbon particles is, however, 
partly transparent, and the radiation depends on the concentra- 
tion of the particles in the flame. Wohlenberg(6) and Haslam 
and Hottel(7) have made attempts to derive formulas for the 
calculation of the radiation from powdered-coal flames, but for 
gas flames no method is yet available for the calculation, largely 
because the concentration of particles is unknown. 


SOURCE OF LUMINOSITY 


The luminosity of gas flames arises from the decomposition, 
also called pyrolysis or cracking, of the hydrocarbons of the gas. 
The unsaturated hydrocarbons, as ethylene, C.H,, and acetylene, 
C.H2, decompose most readily; saturated hydrocarbons, meth- 
ane, CH, ethane, C.Hs, propane, C;Hs, and butane, C,H, 
decompose the more readily the higher their carbon content. 
Therefore, natural gas which contains 80 to 90 per cent of meth- 
ane, CHy,, is one of the most difficult of the industrial gases with 
which to obtain a luminous flame. Complete data on the rate of 
decomposition of methane at various temperatures are lacking; 
Trinks(8) has collected data from various original sources in a 
family of curves showing the rate at different temperatures. 

The rates of oxidation of methane and ethane, even if mixed 
with only a part of the air necessary for complete combustion, 
are extremely rapid. The rates are so high relative to their 
rates of decomposition that, to obtain a luminous flame with these 
gases, it is necessary to heat natural gas to a high temperature 
before it is mixed with air. The possibility is evident that the 
cracking might be obtained by passing the gas through heated 
chambers, possibly with a catalyst, but the liberated carbon 
tends to deposit on the surfaces and stop the passages. 

The method used, therefore, in luminous burners so far de- 
veloped is to introduce the gas and air into the furnace in separate 
streams, with care in the design of the furnace to avoid mixing 
until the desired cracking has taken place. The gas is heated by 
convection and by radiation from the burning gas at the interface 
of the air and gas streams. Methane and ethane do absorb 
radiant heat, but data are lacking to calculate their rates of heat 
absorption. 

Because the air and gas cannot be thoroughly mixed by tur- 


2 Numbers in parentheses apply to references at the end of the 
paper. 
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bulence and luminosity obtained, the mixing must occur princi- 
pally by diffusion, and one manufacturer has applied the name 
diffusion burner to his luminous-flame burner. 


CHARACTERISTICS OF LUMINOUS FLAMES 


The ratio of air to gas for the maximum rate of flame propaga- 
tion of natural gas is almost exactly the ratio for the theoretical 
air requirements. The perfect mixture of natural gas and air is 
therefore an explosive mixture, and the rate of burning is so rapid 
that it is practically a detonation. Because the heat is liberated 
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in a small volume of flame, the heat loss is low, and high tempera- 
tures are developed very close to the burner when the gas and air 
are premixed. 

Where stratification and slow mixing are used to obtain lumi- 
nosity, the combustion is slow, the heat is released in a large 
volume of flame from which the heat loss is higher, and the 
maximum temperature developed may be considerably lower 
than with a premixed, non-luminous flame. 

As previously mentioned, the concentration of carbon particles 
in a flame may not be readily determined and the radiation cannot 
be calculated. Nor is it possible to judge accurately the lumi- 
nosity of a flame by visual observation. Some conception of the 
degree of blackness of a flame may be obtained by the ability to 
see the opposite wall or objects in the flame, but accurate informa- 
tion can be obtained only by actual measurement of radiation. 
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EXPERIMENTAL STUDY 


The work reported in this paper includes data on the progress 
of combustion and on the radiation from the flame when burning 
natural gas with premixed non-luminous flames and with lumi- 
nous flames in a large-scale laboratory furnace. 


APPARATUS AND Mrruops 


The Furnace and Burners. Fig. 1 shows a section of the 
furnace which consists of a horizontal, refractory-lined, steel shell 
whose seams and joints are welded or cemented to prevent the 
entrance of air. The inside diameter of the combustion chamber 
is 31/, ft, and the length from front wall to stack is 14 ft. The 
drawing shows, at intervals along the furnace, holes through 
which gas samples are drawn and temperatures are measured. 
Four 6-in. square ports are provided through which radiation 
measurements are made. 

Fig. 2 shows the details of the burners used in the tests. Fig. 
2A is the burner for pulverized coal which is being used in an 
investigation, the results of which have been presented in part;(9) 
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comparative data on the radiation of pulverized-coal flames are 
included in this paper. Fig. 2B shows the premixed non-lumi- 
nous flame burner, which was made similar to the pulverized-coal 
burner to obtain comparable flame shape. The inner cone was 
made larger to reduce the annular section so that the velocity of 
entrance of the gas-air mixture was above the velocity of flame 
propagation. The gas entered through 64 1/;.-in. holes distrib- 
uted radially in the 11/;-in. pipe at the elbow of the burner pipe. 
The entrance of the gas through the large number of small holes 
and the passage of the mixture through the venturi throat re- 
sulted in good mixing. Fig. 2C shows the luminous-flame burner 
which was purchased from the manufacturer. This type of 
burner is used with satisfaction in a number of types of industrial 
furnaces and has been seen by the author in satisfactory operation 
in “sheet and pair” and annealing furnaces. The solid lines 
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LUMINOUS -FLAME BURNER 


Fie. 2 Sryitzs or Burners 


show the burner as furnished; this was installed first with the 
line F-F at the face of the front wall and later with an 18-in. 
longer tunnel, as shown. The dotted lines show a 4-in. pipe 
which replaced the original refractory insert in one test. 

In this burner the gas enters at A through a 1/;-in. orifice and 
passes into the refractory insert or 4-in. pipe through the 11/;-in. 
nipple B. A shutter C is provided which can be opened to permit 
air to be inspirated with the gas. This was closed during all of 
these tests. Air can also enter the gas stream between the 
nipple B and the refractory insert. When the 4-in. pipe was 
used, an adjustable shutter was placed on nipple B to vary the 


r 


- amount of air entering with the gas at this point. 


_ gas was measured by a dry 


ture by a thermocouple in the 


rather widely in its composition. 
- tion of seven samples of gas. 
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The air 
entered the burner box, and the principal part passed around the 


- refractory insert or pipe and mixed with the gas in the tunnel or 
- in the furnace. 


Natural Gas. The natural gas used in these tests came from 


a the Columbus mains; it was supplied to the laboratory at a 


pressure of 10 to 15 lb per sq in. and was reduced by a regulator 


- before the meter used on the 


tests to 3 to 4lb persqin. The 
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Measurement of Temperatures. A Pt, Pt-Rh thermocouple 
supported in a water-cooled tube with 31/2 in. at the hot junction 
exposed to the gases was used for most of the temperature 
measurements. Comparative trials with a suction-type thermo- 
couple showed that when the two couples were so placed as to 
read the temperatures at the same point simultaneously, the 
indications checked within 0.1 millivolt, 15 F, which was the 


\ displacement meter; the pres- 
sure was measured by a mer- 
cury column and the tempera- 


LIMITING COLD 
BACK WALL 


gas stream at the meter. All 


~ gas volumes were corrected to 
standard gas conditions, 30 


in., 60 F. A thin-plate orifice 
meter in the gas line allowed 


easy adjustment of constant 


flow. The gas furnished during the period of the tests varied 
Table 1 shows the composi- 


These analyses were made in a Bureau of Mines type orsat in 


, which the hydrocarbons are determined by slow combustion and 


can only be calculated as CH, and C.Hs. The gas supplied in 
Columbus may come from 3400 different wells in 14 producing 
sands, and a small amount of petroleum-refinery gas is also used. 
The gas from some of these wells is wet; that is, it contains 
considerable amounts of the higher hydrocarbons. As these 
could not be determined on the apparatus available, the analyses 
are to some extent in error. 


TABLE 1 NATURAL GAS COMPOSITION 
BOR Gevcieravalcisisseliclole sini iscohares 3 5 8 9 10 12 13 
DD Wont duc cucha casero gaan 7-14:7-20 9-2 9-15 9-22 10-4 10-12 
LS vipnenien sc Seaadeaacae 67.4 66.3 60.9 66.2 72.4 76.8 78.7 
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OO oa binepagenoss ooo ae SG) GEG SURG 2 AU Ue 0.7 0.8 
ono sogdae aay o mals yprterare 5 One O50) anOnor e026 O56) 90.6 0.4 
BN meine nica Grauinreptrrey-ihe 1329 bale LG) OO 101 89.5.5 10%4 


The variation in the composition is caused by the necessity of 
mixing of widely different gases and of the introduction of inerts, 
CO, and N2, to maintain the calorific value as close to 1000 Btu 
per cu ft as possible. 

Air Supply. In all tests all the air was supplied at the burner 
through the 6-in. duct shown in the burner drawings. The 
weight of air supplied was determined from the pressure drop 
across an orifice in this duct. 

Heating of Furnace. The furnace was heated by burning gas 
at the rate and with the air supply desired for about 4 hours to 
approach equilibrium conditions before taking data. The 
actual taking of data, which included the collection of two sets of 
samples of gas at six points in the furnace, the measurement of 
gas temperatures, and the measurement of the radiation from the 
flame at four points, required about 3 hours. 

Sampling of Gases. Gas samples were withdrawn through 
water-cooled samplers and collected over mercury. The samples 
were analyzed in an orsat apparatus using mercury as the dis- 
placing fluid. 

Samples were taken along the central axis of the furnace only. 


. Although, because of stratification of gases, particularly with the 


luminous-flame burner, this did not give the average composition 
in any plane, it was thought that it did give a better record of the 
progress of combustion than would an average. ‘The stratifica- 
tion in the furnace and the flow of gases were discussed more 
completely in the report on the pulverized-coal tests. (9) 
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Fig. 3 APPARATUS FOR MBASUREMENT OF RADIATION 


limit of graduation on the potentiometer used. The differences 
should not be great, because the temperature of the walls of the 
furnace was not greatly different from that of the gas. Such 
close agreement was not obtained when successive traverses of the 
furnace were made with the two thermocouples, particularly near 
the burner, where there was stratification. The lack of agree- 
ment was largely caused by the instantaneous variations in the 
temperatures. 

Trials were also made in the luminous-flame tests of the two- 
color pyrometer principle so nicely worked out by Hottel,(10) 
but, as he predicted in a private communication to the author, 
the momentary variations in the flame made accurate readings 
of the temperatures with the optical pyrometer impossible. 

It is freely admitted that the temperature measurements were 
the weakest part of this work, as they generally are of similar 
investigations. As it was not indicated that any other method 
would give enough greater accuracy to warrant the difficulties of 
use, the exposed thermocouple was principally used. 

Measurement of Radiation. Fig. 3 shows the arrangement of 
the apparatus used for the measurement of the radiation from the 
flame; this was similar to that described by Koessler.(11) It 
consisted of a Moll thermopile mounted on the end of a water- 
cooled tube which contained four diaphragms to limit the angle 
of vision. Around the thermopile was a water jacket through 
which the water flowed in series with the tube; in this way the 
cold ends of the thermopile junctions and the surface of the tube 
that the thermopile ‘‘saw’’ were at the same temperature, and 
the output was zero independent of changes in room or water 
temperature. 

A water-cooled copper cone served as a limiting cold screen to 
insure that the radiation falling on the surface of the thermopile 
was from the flame only. The cone shape was adopted to insure 
more nearly black conditions by decreasing the possibility of 
reflection from the surface. This limiting screen was adjustable 
to obtain any thickness of flame up to the diameter of the furnace. 

The entire assembly was mounted in a plate and refractory 
block and could be changed from one to another of the four ports 
provided in the furnace. 

Another plate and block were provided so that the thermopile 
and tube could be placed in it to obtain the radiation from the 
wall and flame or wall alone when the flame was cut off. 

The water-jacket assembly for the thermopile was hinged so 
that it could be swung back from the end of the tube. The tube 
containing the diaphragms could then be removed and a thermo- 
couple run into the furnace for the measurement of gas tempera- 
ture. 
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The output of the thermopile was read on a semi-precision 
potentiometer with external reflecting galvanometer; this could 
be read to 1 microvolt. 

The thermopile was calibrated with water jacket and water- 
cooled diaphragm tube as a unit. This eliminated the necessity 
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of making any calculations for the correction for the angle of 
vision. A graphite cylinder heated in a gas furnace was used as a 
black-body source; a thermocouple on the inside back wall of the 
body measured its temperature. A straight-line calibration 
curve was obtained; the factor was 145 Btu per sq ft per hr per 
microvolt output. 

The thermopile attained full output quickly, but had enough 
lag so that it ironed out small fluctuations in the flame radiation. 
Only with violent fluctuations in the flame temperature did the 


galvanometer swing so rapidly as to make accurate readings 
difficult. 


Discussion oF RESULTS 


Process of Combustion. Fig. 4 shows the change in the tem- 
perature and composition of the furnace gas at varying distances 
from the burner when burning natural gas at a rate of approxi- 
mately 2800 cu ft per hr with the non-luminous burner with 
different amounts of excess air. The percentages of excess air 
given in the figure are the nominal amounts. Because of the 
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change in the composition of the gas, the actual excess air was 
somewhat different; for example, in the test marked 0 excess air, 
there was a deficiency of air, for CO and Hy, were present at the 
last point of sampling without enough O, to burn them. 

The curves show the great rapidity of the combustion of the 
gas. At the first point of sampling, 1 ft from the burner, the CO, 
was at or above the maximum reached at the last position of 
sampling. That the CO, was higher at 1 and 2'/, ft from the 
burner than later in the curve for 20 per cent excess air shows 
that even with this burner the mixture was not uniform. 

With 10 per cent excess air some CO was found at 1 and 2!/ ft 
from the burner, but it was completely burned at 41/2 ft. With 
the nominal 0 per cent excess, both CO and Hp were found at all 
positions of sampling. 

The temperature curves also show the rapidity of combustion. 


_ typical of other results. 
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The temperatures were the highest, 2800 to 3070 F, at 1 ft from 
the burners, and then decreased regularly through the furnace. 

Fig. 5 shows the temperature and composition of the gases in 
the furnace when burning natural gas in the burner shown in 
Fig. 2B with the short tunnel. Here the CO: content increased 
slowly, and CO, He, and CH, were found at all points of sampling; 
even ethane, C.He, was found up to 4!/, ft from the burner. The 
content of H, was greatest at 41/2 ft, at which point the flame 
first became strongly luminous. The temperature of the gas was 
lowest near the burner, increased to a maximum at 61/2 ft, and 


, then decreased. The maximum was 2500 F as compared with 


3070 F for similar rate of heat input and excess air with the non- 
luminous burner. 

The temperature and composition of the gases when using the 
long tunnel on this burner, as it is shown in Fig. 2C, were very 
similar to those just shown. Some combustion took place 
within the burner tunnel, so the CO, content and temperatures 
were somewhat higher in the first points of measurement, but the 
general trend was similar. 

Fig. 6 shows the temperature and composition along the path of 
the gases when using the long pipe insert shown in Fig. 2C, with 
which mixing of the gas and air occurred only in the furnace. 
The CO, content increased slowly, large amounts of CH, and 
C,H, were found in the early part of the flame, and about 4 per 
cent each of CO and H, remained at 101/2 ft from the burner. 
The temperature of the gases increased slowly and did not attain 
a maximum; heat was still being liberated faster than it was being 
lost from the flame. 

Radiation From Flame. Table 2 shows the results of measure- 
ments of the radiation from the non-luminous gas flame which are 
At each position the radiation was 
measured at five flame depths. Qr is the product of the thermo- 
pile calibration constant and the output Hr. The temperatures 
given in the table are averages of six measurements made at 
different points in the flame. Qar is the calculated radiation 
from a black body at the temperature of the flame to a body at 
absolute zero; the emission of the thermopile at room tempera- 
ture is so small relative to that of the flame that the thermopile 
may be considered as at absolute zero. The term pr is the ratio 
of the measured radiation to Qar. 


TABLE 2 RESULTS OF RADIATION M. SUREMENT 


(Non-Luminous Natural Gas Flame. Heat Inp:, 2,632,000 Btu/Hr 
xcess Air, 0 Per Cent.) 


Distance L, QF QBF 
from depth Btu per tr Btu per 
burner, of flame, ZF, sqftper deg F, sq ft per 
ft in, m.v. hr avg. hr pF K 
0.5 10 0.056 8,120 2597 150,500 0.054 0.0055 
15 0.084 12,200 0.081 0.0058 
20 0.123 17,850 0.119 0.0065 
30 0.160 23,200 0.154 0.0055 
35 0.176 25,500 0.169 0.0053 
3.5 10 0.064 9,280 2645 160,500 0.058 0.0060 
15 0.105 15,200 0.095 0.0067 
20 0.138 20,000 0.125 0.0067 
30 0.195 28,300 0.176 0.0065 
35 0.214 31,000 0.193 0.0053 
tien) 10 0.078 11,300 2580 147,500 0.077 0.0081 
15 0.106 15,400 0.105 0.0074 
20 0.130 18,850 0.128 0.0069 
30 0.178 25,800 0.175 0.0062 
35 0.212 30,700 0.208 0.0067 
11.5 10 0.060 8,700 2389 114,500 0.076 0.0078 
15 0.078 11,300 0.099 0.0071 
20 0.101 14,650 0.128 0.0069 
30 0.142 20,600 0.180 0.0071 
35 0.165 23,900 0.209 0.0067 


. 


The measurements at varying flame thickness were taken in the 
hope that data would be made available for the calculation of the 
radiation of a flame of any given thickness. The relation of the 
emission of a “‘gray’’ flame to the thickness is given by: 


Qirans pli. e nn anette dae ta cece oe (1] 
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or: 


where Qz is the emission of a black body at the temperature of 
the flame, K is the absorption coefficient, L is the thickness, and 
p is the emissivity. However, as stated before, non-luminous 
flames are not ‘gray,’ but are strongly selective radiators. 
Therefore, the emission of a non-luminous flame even in infinite 
thickness will not have the emission of a black body at the same 
temperature. 

The relation of the emission of a non-luminous flame to thick- 
ness is given by 


CO) iy (le Or eee cha seh Aaa [3] 


where Qm is the emission of the flame at infinite thickness. 
For any given temperature and concentration of CO, and H.O, 
Qm will have a definite relation to Qs. Hence [3] may be 
written 


a BTCA Gay 25 ee ete [4] 


where C = Qu/Qz. 

Having given the measured radiation at two thicknesses, we 
have two equations with two unknowns, K and C, but as there 
may be a zero correction in the distance L, it is better to consider 
three measurements at three thicknesses. From [3] it develops 


that 
log Qu — Q 
Ly, — Ly ut Qu — Q; 
LL, — In a apa aciaia baear 
= Qu —Q: 


If L;, Lz, and Ls are so chosen that the ratio on the left-hand side 
of [5] is 1, then 


Bs Q:0; ma Q:? 
Qi + Q3 — 2Q2 


Equation [6] has been applied to a number of the measure- 
ments on the non-luminous flames, but the agreement was poor 
and some absurd results were obtained. Possible reasons for this 
are (1) lack of uniformity of temperature of the gas, (2) lack of 
uniformity of composition, or (3) inaccuracy of measurements. 

The foregoing argument is based on the general assumption 
that non-luminous flames are truly selective radiators which have 
no emission except in narrow bands. If this were not true and 
other gases radiated over the entire spectrum or there were small 
amounts of carbon in the flame, even so little that it could not be 
visually detected, then an infinite thickness of the flame would 
radiate as a black body and K could be calculated from [1]. 
The last column of Table 2 gives the values of K so calculated for 
this set of readings. Although the constancy of K is by no 
means all that could be desired, it may be significant that the 
constancy is as good as it is. 

With flames that should be truly “gray” and where, therefore, 
K can be validly computed by [1], as pulverized-coal and lumi- 


Qu 


TABLE 3 COMPARISON OF ABSORPTION COEFFICIENTS K, 
FOR VARIOUS FLAMES 


(Heat Input, 2,600,000 to 3,000,000 Btu per Hr. Excess Air, 0 Per Cent 
epth of Flame, 35 In.) 


Distance d } . 
from Pulverized Non-luminous Semi-luminous Luminous 
burner, Hocking coa natural gas natural gas natural gas 
ft pF K pF K pF K pF 
0.5 0.63 0.0249 0.17 0.0053 0.19 0.0060 0.72 0.0366 
3.5 0.47 0.0159 0.19 0.0053 0.21 0.0067 0.44 0.0222 
7.5 0.42 0.0136 0.21 0.0067 0.31 0.0106 0.69 0.0344 
11.5 0.43 0.0141 0.21 0.0067 0.26 0.0085 0.68 0.0325 
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nous gas flames, the agreement of the calculated values of K for 
various flame thicknesses was not so good as for the non-luminous 
flames. This is explained by the known greater variation in the 
temperature and composition of the gas and in the concentszation 
of solids across the flame. 

Table 3 shows comparative values of pr and K for pulverized- 
fuel, non-luminous, semi-luminous, and luminous natural-gas 
flames. The greater the emissivity, the greater is the value of K. 
As K is the slope of the curve when the logarithm of the trans- 
missivity, 1 — pr, is plotted against depth of flame, the greater is 
K, the more rapidly does the emission of the flame increase with 
increase in the depth of the flame. 
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Comparison of Calculated and Measured Radiation. Although 
it is apparently impossible to obtain data from these measured 
values of the radiation from non-luminous flames to permit the 
calculation of the radiation of any thickness of flame, the fact 
that the radiation from these flames is presumably due only to the 
CO, and H,O in the flame permits comparison of the measured 
and calculated values according to the published data of Schack 
and Schmidt. Table 4 shows the comparative values for 15 
measurements. The first position of measurement, 6 in. from 
the burner, was not included because of the uncertainty of the 
composition of the gas and the exact thickness of the flame. 

By chance, two of the measured values agreed exactly with 
those calculated, and only one measured value was less than the 
calculated. The other 11 measured values were higher than 
those calculated by 2 to 21 per cent; the findings of other investi- 
gators have been similar. If Schack’s values for the radiation of 


TABLE 4 COMPARISON OF CALCULATED AND MEASURED 

RADIATION FROM NON-LUMINOUS NATURAL-GAS FLAMES 

Distance 
Heat input, Excess from 

million air, burner, Radiation, 1000 Btu per sq ft per hr 
Test Btuperhr percent ft Cale. Measd. Diff. er cent 
1 2.71 20 3.5 23.9 23.9 0.0 0.0 
7.5 22.5 23.8 +1.3 + 5.8 
11.5 20.05 21.0 +0.95 + 4.7 
2 2.67 14 3.5 22.5 24.7 +2.2 + 9.8 
7.5 21.0 24.1 +3.1 +14.7 
11.5 19.0 19.4 +0.4 + 2.1 
3 2.63 4.5 3.5 22.6 23.9 +1.3 +:5.8 
6h) 25.4 30.7 +5.3 +20.9 
11.5 27.7 31.0 +3.3 +11.9 
4 2.77 10 3.5 30.2 30.7 +0.5 + 1.8 
7.5 28.3 29.0 +0.7 + 2.5 
11.5 23.1 22.3 —0.8 — 3.7 
5 2.17 12 3.5 22.0 25.4 43.4 +15.5 
7.6 + 19.9 BBG ERT +16.6 
a9 17.8 17.8 0.0 0.0 


H;O had been used, the discrepancies would have been greater : 
this shows that Schack’s values for CO, radiation need careful 
experimental checking, and it is understood that this is being 
done. 

The maximum deviation of the measured from the calculated 
radiation was 21 per cent and the average was 7 per cent. For 
this type of measurement this is considered excellent agreement 
and indicates that for non-luminous flames the radiation may be 
calculated with a probable error of not more than 10 or 15 per 
cent. 

Comparison of Radiation From Various Flames. Fig. 7 shows 
graphically the temperature, radiation, and emissivity at varying 
distances from the burner with non-luminous, semi-luminous, 
and luminous natural-gas flames and pulverized Hocking coal at 
similar rates of heat input and excess air. The temperatures 
shown are the average of a number of readings across the flame, 
and are therefore lower than those taken on the axis of the fur- 
nace, as shown in the preceding figures. 

The highest temperatures occurred with the non-luminous gas 
flame; the temperature curve of the pulverized-coal flame was 
lower, but similar in shape to that of the non-luminous gas flame. 
The temperature of the semi-luminous flame reached a maximum 
at 7.5 ft from the burner, and then decreased below that of the 
fully luminous flame, which increased at each point of measure- 
ment. 

The highest radiation from the flame was found when burning 
pulverized coal; it was practically the same at the first two 
points of measurement, and then decreased as the solid carbon 
was burned from the flame. 

The radiation from the non-luminous gas flame was practically 
constant over the length of the furnace. The decrease in the 
temperature was compensated by the increase in the actual 
thickness of the flame. The radiation from the flame called 
semi-luminous was greater than that from the non-luminous 
flame at only one point, although the flame was so luminous that 
one could not see the opposite wall, whereas the non-luminous 
flame was perfectly transparent. 

The radiation from the luminous flame increased along the 
length of the furnace until at 11.5 ft from the burner it was 
practically as great as that from the pulverized-coal flame near 
the burner. 

The emissivity (the ratio of the radiation from the flame to 
that of a black body at the same temperature) of the non-lumi- 
nous flame was the lowest of those of the four flames; it was 
practically uniform at 0.17 to 0.21. The emissivity of the semi- 
luminous flame was not much higher, but that of the luminous 
flame was higher even than that of the pulverized-coal flame, 
except at the second position; this low value may have been a 
chance occurrence in this test. The emissivity attained, 0.70, 
shows that with a not much greater depth this flame would 
radiate practically as a black body. 
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PRACTICAL CONCLUSIONS 


BuRNER DxEsIGN 


The purpose of this investigation was not to study burners, 


_ but the principles of combustion and radiation; therefore the 


study of the luminous-flame burner was not carried to any 
degree to develop a better burner. From the data presented on 
the progress of combustion, it is quite obvious that from this 
viewpoint either the semi-luminous or fully luminous burner was 
much inferior to the non-luminous burner. The ultimate ca- 
pacity of the non-luminous burner with complete combustion of 
the gases had apparently not been approached, if at least 10 per 
cent excess air were supplied. With the luminous-flame burner 
the heat input would have had to have been decreased consider- 
ably to have attained complete combustion in the furnace. 

On the assumption that the rate of combustion depends on the 
rate of diffusion between air and gas layers, Burke and Schu- 
mann(12) developed a theory for the prediction of flame length, 
and report excellent agreement with measured values. 

It is apparent, therefore, that the non-luminous burner could 
have been much improved in regard to completeness of combus- 
tion with the proper changes in thickness of air and gas layer and 
with regard to the possibility of mixing. It is possible, although 
not probable, that this could be accomplished without decrease 
in the emissivity of the flame. The low temperature in the early 
part of the flame probably could be increased, and it and the 
radiation made more nearly uniform throughout the length of 
the furnace. Few data on the actual performance of commercial 
luminous-flame burners have been published; it would be desir- 
able to have such data. 


Net Rats or Heat TRANSFER 


The data presented have shown that the radiation and emis- 
sivity of the fully luminous flame were much higher than those of 
the semi-luminous and non-luminous flames. If, however, the 
test furnace had been an industrial furnace which heated plates 
or bars of steel, or had been a glass furnace, the steel or glass 
would not have been shielded from the opposite wall by a water- 
cooled plate as was the thermopile with which these measure- 
ments were made. In addition to receiving heat from the gases, 
the work would have received heat from the refractory walls as 
well, which are heated nearly to the temperature of the gases 
and which have a high emissivity. 

The heat which passes through the gases from the roof or walls 
to the work depends on the transmissivity of the gases to radiant 
heat; the transmissivity is equal to 1 minus the absorptivity, 
which is equal to the emissivity. Therefore the total net heat 
received by radiation by the work whose temperature is Tw and 
emissivity 1 from the flame whose temperature is Try and emis- 
sivity is pr and a parallel roof whose temperature is Tr and 
emissivity 1 may be calculated as follows, assuming for simplicity 
both the work and the roof as infinite parallel planes: 


Q = opr(Trt — Tw) + o(T rt — Tw‘) (1 — pr) 


where co is the constant of radiation. The first term represents 
the transfer from the flame to the work and the second the 
transfer from the roof to the work. 

From this equation it can be seen that, although the rate of 


heat transfer from the flame to the work increases as the emis- , 


sivity of the flame increases, the rate of heat transfer from the 
wall to the work decreases. Therefore, the total net rate of 
transfer from the flame and wall will not be greatly increased 
with an increase in emissivity of the flame, even if the tempera- 
ture of the flame does not change. Table 5 gives some numerical 
calculations that may make this point clearer. Flame emissivi- 
ties of 0.2 to 0.8 with a constant flame temperature of 3000 F 
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have been assumed. The temperature of the surface of the work 
has been assumed as 2000 F, and the temperature of the roof has 
been assumed to increase from 2600 to 2900 F as the emissivity 
of the flame is increased; the exact temperature increase assumed 
may not be valid, but the order of increase is correct. 


TABLE 5 CALCULATED NET TRANSFER OF HEAT BY 
RADIATION WITH INCREASE IN EMISSIVITY OF FLAME 
opr a(1 — pF) 

pF Tr,°F Tw.,°F TrR,°F (Trts—Tw) (TrR‘'—Tw) Q 
0.2 3000 2000 2600 36,600 70,400 107,000 
0.4 3000 2000 2700 73,200 65,400 138,600 
0.6 3000 2000 2800 109,800 52,600 162,400 
0.8 3000 2000 2900 146,400 31,300 177,700 


The values show that as the emissivity is doubled, the net 
transfer is increased by only about 30 per cent, and when the 
emissivity is made four times as great, the radiation is increased 
by only about 70 per cent. 

The calculations assume that the temperature of the flame 
remains constant as the emissivity is increased, but it has been 
shown that, other things being equal, the temperature will 
normally decrease; therefore the increase in the rate of heat 
transfer by radiation will be lower than that calculated. 

Measurements were made of the radiation from the flame, 
flame and wall, and the wall only at 7.5 ft from the burner on 
similar tests, with luminous and non-luminous flames. The 
radiation from the flame was measured as usual; then the water- 
cooled background was removed and the radiation of the wall 
and flame was measured. The gas and air were then shut off, 
and readings of the radiation and temperature of the wall were 
taken at intervals of 1 min to extrapolate back to time of shut- 
off, as the temperature of the wall decreased rapidly at first. 
Table 6 presents the results. 


TABLE 6 MEASURED AND CALCULATED RADIATION FROM 
WALL AND FLAME 


Non-luminous Luminous 
Measured radiation, Btu per sq ft per hr: 
ING ciel ctovarc cucke:ciointekaioints s\e'lsVerselwimivlel sie 27,700 64,600 
IV alll eepa ic ate oie rorereroterc siete. 04) erarasvelersfaleie 103,800 88,450 
Flame and wall 120,500 104,000 
Emissivity of flame...........eceeees 0.19 0.69 


Calculated radiation: 
Flame and wall = 27,700 + 103,800 (1 — 0.19) = 106,300 
64,600 + 88,450 (1 — 0.69) = 92,020 

Difference of calculated and measured = 
(120,500 — 106,300) 100 _ toseacent 
120,500 is 
(104,000 — 92,000) 100 

104,000 


= 11 per cent 


At this position in this furnace, therefore, work on the hearth 
would have received heat by radiation at a greater rate when 
burning the gas with a non-luminous than with a luminous flame. 

The transfer of heat by convection has been neglected in this 
consideration, but it is obvious that, because of the higher 
temperature of the gas, the higher velocity, and the possibility 
of impingement of a non-luminous flame directly on the work, 
or both, whereas the non-luminous flame must flow with less 
turbulence, the rate of heat transfer by convection should be 
higher with non-luminous than with luminous flame. 

The problem of radiant-heat transfer in actual furnaces is 
somewhat more complex than the illustration, because the factors 
of the relative areas of the work and the walls, their angular 
relation, and their emissivities enter. However, it can safely be 
stated that in furnaces where the roof and walls are at a higher 
temperature than the work to be heated, the possibility of in- 
creasing the rate of heat transfer by increasing the luminosity of 
the flame is limited. 

This important factor, the effect of the emissivity of the flame 
on the radiation from an opposite wall, is one apparently gener- 
ally overlooked. It has, however, been very well covered by 
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Schack.(13) He believes that in furnaces, such as open-hearth 
steel furnaces, where the roof temperature is kept only about 
50 F above the slag temperature, an increase in the emissivity 
of the flame may increase the rate of heat transfer by radia- 
tion. In furnaces, such as boiler furnaces, with water-cooled 
walls where no high-temperature solid radiating surfaces are 
found, the overall transfer of heat by radiation can be increased 
directly as the emissivity of the flame is increased. 


Errect oF DISTANCE ON RADIATION EXcHANGE 


The observation has been made that engineers frequently 
misapply the “inverse square of the distance” law which they 
loosely quote as saying that the radiation received per unit area 
of a surface varies inversely as the square of the distance from 
the source. They then conclude that this means that, if the 
flame can be placed near the work, the rate of heat transfer by 
radiation will be much greater than if it is farther away or is being 
received from the roof. 

This law applies strictly, however, only to radiation from a 
point source. The actual effect of the distance between planes 
has been presented by Hottel.(14) He expresses the heat 
exchange as ; 


Q = A-Fa- Fa: o(Ti4 — T;!) 


where A is the area, F'4 is the angle factor including the effect of 
distance, and Fz is the emissivity factor. He presents a curve 
in which F'4 for squares or disks connected by non-conducting 
but re-radiating walls is plotted against the ratio of the side or 
diameter to the distance between the planes. For values of the 
ratio above 1, the change in F'4 is not rapid—not nearly so rapid 
as the inverse square law would show. For example, the follow- 
ing points have been taken from his curve: 


UB GOS oe sverengalsietctois ete Pee 4 2 1 

FU Abscess aks covat abe fee aPer peieeaeeeae 0.78 0.63 0.50 
Ratio: to. 0.789. nccmenn one cee 1 0.81 0.64 
Ratio by inverse square law.... 1 0.25 0.06 


The wide departure of the true relation from the inverse square 
law is obvious. 


ADVANTAGES OF LUMINOUS FLAMES 


If luminous flames do not transfer heat at a greater rate than 
non-luminous flames, wherein do their advantages lie, or are they 
merely imaginary? The term “soaking heat” is a common one 
among practical furnace men, and there is some evidence of their 
belief that the heat of a luminous flame is more penetrating than 
that of a non-luminous flame. 

The difference may probably best be explained by a practical 
example. A continuous furnace for heating steel for forging in 
which the steel moved countercurrent to the gas was operated 
with a non-luminous gas flame and with a highly luminous oil 
flame. With the oil flame the steel was withdrawn at just the 
right temperature for forging and was heated entirely through to 
a practically uniform temperature. With the non-luminous gas 
flame, although the steel was almost dripping when withdrawn, 
it did not forge well because only the surface was heated. 

The difficulty here was not a difference in the overall transfer 
of the two flames, but the difference in the distribution of the 
transfer over the length of the furnace. At any point in the oil 
flame the rate of transfer was not so great as the maximum from 
the gas flame, but it was more uniform over the entire length of 
the flame. The heat was not transferred at a greater rate than it 
could penetrate the steel; therefore, as commonly expressed, 
it “soaked in”’—that is, the temperature increased substantially 
uniformly through the piece. In the gas flame the rate of heat 
transfer was low until the zone of combustion was reached; here 
the sum of the rates of heat transfer by radiation from the flame 
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and walls and of the convection from the high-temperature gases 
was greater than the possible rate of heat penetration into the 
steel, and the outer surface was raised to the melting point while 
the inside was yet at too low a temperature for forging. 

The proper heating of the steel might have been obtained with a 
non-luminous flame, if the heat input had been distributed among 
a number of burners along the furnace to maintain a uniform and 
not too high a rate of heat transfer. 


CHEMICAL EFFECTS OF LUMINOSITY 


As this paper is principally concerned with radiant-heat trans- 
fer, the problem of the chemical effect of the flames will only be 
briefly mentioned. This is of particular importance in the heat- 
ing of steel which will oxidize and scale not only in atmospheres 
containing oxygen, but also in those containing no oxygen but 
CO, and H20. It is therefore necessary to maintain a reducing 
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atmosphere, a certain percentage of CO, to avoid the scaling of 
steel when burning gas with a non-luminous flame. This will 
usually result in an appreciable loss of heat in unburned gases. 

In a luminous flame CO, Hz, and perhaps methane will be 
present, but free oxygen also remains. However, there is free 
carbon present, and as this will deposit on the work, it probably 
reduces the oxidation of the steel. In some luminous-flame 
burners a raw-gas blanket is introduced over the work being 
heated. This will result in an increased consumption of gas, 
but this may be more than offset by the better quality of the 
product. 


HEAT TRANSFER IN GLASS TANKS 


In the melting and refining of glass it is highly desirable that 
the glass be heated as uniformly as possible from top to bottom 
of the tank. Convection from the gases can heat the top of the 
glass only, and this heat can be transferred to the bottom only 
by conduction and by convection currents set up in the glass. 
The conductivity of glass is comparatively low, and until the 
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_ glass is at high temperature, convection will be low because of its 
high viscosity; therefore, the rate of heating of the bottom may 


be low. 


As glass is transparent to visible radiation, it is frequently 
. assumed that it is transparent to the invisible thermal radiation 
' also. Data are lacking on the transmission of glasses at high 
temperatures, but the transmission of a number of glasses at 
room temperature has been measured; these measurements 
show that even in thin layers practically all glasses are opaque to 


| wave lengths beyond 3 to 4u. 


Fig. 8 shows in the upper curve the intensity of black radiation 
at different wave lengths at 2420 F, and the lower curve shows the 
intensity of radiation transmitted by a piece of window glass 
2.11 mm in thickness, assuming that the transmission of the glass 
at 2420 F is the same as at room temperatures at which the 
transmission was measured by Coblentz.(15) The area under 
the curves is the total radiation over the entire band. Measure- 
ments of these areas by a planimeter show that the glass would 
transmit about 48 per cent of the energy entering it. As molten 
glass may not have the same transmission as cold glass and as 
the depth of glass baths is much greater than that of the ex- 
_ ample, the actual transmission would probably be much different 
) from this value. 

The relation of the absorption of radiant heat to the thickness 
is, as for gases, expressed by 


Q = Q(1 — ean) 


where Q is the amount absorbed and Q. the amount entering the 
thickness L. A consideration of this expression brings out an 
interesting fact. If the absorption coefficient K were 0 (that is, 
if the glass were perfectly transparent), then Q = 0, and with 
any depth of glass no radiant heat would be absorbed. All the 
radiant heat would pass to the bottom of the tank and would be 
transferred to the glass by conduction. On the other hand, if 
K = ©, the glass is perfectly opaque; then any thickness would 
absorb all the heat, and none would reach the bottom of the 
bath. It is clear, therefore, that for a maximum absorption of 
radiant heat ina layer at same depth in a bath, there is a definite 
intermediate value for the absorption coefficient. 

A complete understanding of the problem of heat transfer to 
molten glass cannot be had until data are obtained on its absorp- 
tion of radiant heat. It is considered possible that the advan- 
tages reported in the current literature for the use of luminous 
flames lie not in an increased rate of heat transfer, but in a more 
uniform rate of heat transfer over the area of the bath. This 
would avoid the formation of localized areas of high-temperature 
and thinly fluid glass and other localized areas of low-temperature 
and viscous glass. 


SUMMARY 


From the data and analytical considerations presented, the 
following conclusions in regard to the transfer of heat from 
luminous and non-luminous gas flames can be made: 

1 Luminous gas flames are now being obtained principally 
with slow-moving, stratified streams of air and gas, which, from 
the viewpoint only of efficient combustion, are much inferior to 
non-luminous flames. 

2 Combustion is extremely rapid in premixed, non-luminous 
flames which results in a high-temperature zone near the burners, 
whereas combustion is spread out over a larger area in luminous 
flames which results in a lower maximum temperature. With 
proper burner design a more uniform temperature over the 
length of the furnace could probably be obtained with a luminous 
flame. 

3 Although natural-gas flames can be produced that have an 
emissivity approaching that of a black body and consequently a 
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higher rate of heat transfer than a non-luminous flame, the total 
radiant-heat transfer from the flame and the wall, in those fur- 
naces having walls hotter than the work being heated, will not 
be much greater for the same flame temperature than with a non- 
luminous flame. As the temperature and convection transfer 
are generally lower, the total rate of heat transfer will normally 
be lower with a luminous than with a non-luminous flame. 

4 The advantage of a luminous flame in many heating proc- 
esses lies not in a higher rate of heat transfer, but in a more 
uniform transfer over the entire furnace as a result of the slow 
combustion and slow heat liberation. 

5 The presence of free carbon probably has a beneficial 
effect in the reduction of oxidation and the scaling of steel. 

6 A complete analysis of the transfer of heat to molten glass 
is not possible because of lack of data on its absorption of radiant 
heat, but the conclusion is reached that any advantage of a 
luminous flame in glass melting lies in a more uniform distribution 
of heat transfer rather than an increased rate of transfer. 
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Discussion 


H. V. Fuaaa.? The paper shows evidence of careful planning, 
deep study, and patient experimental work. The contribution 
should be very helpful and valuable, and it is hoped that it may 
be followed up by further experimentation. The writer’s 
observations and plant work do not lead to complete agreement 
with the conclusions reached in the paper, but it is believed that 
the differences can be accounted for by what are believed to be 
errors in the basic assumptions. 

The writer would like to consider the subject as a comparison of 
the relative merits of luminous and non-luminous flames for 
metallurgical heating rather than as a discussion of the two types 
of flame from natural gas alone. Luminous flame can be de- 
veloped from any of the commercial fuels in common use, so that 
the differences become merely those of degree, either in heat- 
transfer rates or in flue-gas compositions which affect the chemis- 
try in the furnace. The assumption throughout the work that 
the net transfer of heat in a furnace is the sum of the heat transfer 
from the flame and that from the furnace wall, or at least the 
method of arriving at the same, is open to question. This is 
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certainly not right in the case of a sharp-working open-hearth 
furnace where, as is often the case, the furnace is so organized 
that the roof temperature is actually lower than the bath tem- 
perature. In such a furnace the heat transfer from the flame 
certainly plays the predominant part. The convection transfer 
is undoubtedly important, but cannot be the predominant influ- 
ence, as is evidenced by repeated failure of tests to run an open- 
hearth furnace with a premixed natural-gas flame, which is 
practically non-luminous, and with a heat transfer that is pre- 
dominantly convective. In a metallurgical heating furnace, it is 
necessary to secure the maximum heat transfer with the least 
possible difference between the temperature of the flame and the 
temperature desired in the work in order to obtain uniform heat- 
ing. 

This result can be obtained with non-luminous flame by mak- 
ing the heating time sufficiently long, but in many cases this 
requires a furnace size and space that is prohibitive. The use of a 
luminous flame in such furnaces makes it possible either to obtain 
better heating for given production or greater production for the 
same standard of heating, because of a higher heat transfer from 
the flame and the decidedly lessened influence of the transfer from 
the walls. The development of the luminous-flame burner has 
resulted from the need to secure from natural gas a flame with 
this resultant higher heat transfer which is so easily secured from 
producer gas or fuel oil. The old-time heater who burned natural 
gas prior to the time of the development of the premix burner 
knew how to get the luminous flame, but his control of furnace 
atmosphere and of fuel economy left much to be desired, since one 
vital element, that of combustion-air supply, was never completely 
under his control. The new luminous-flame burner is designed 
to produce the luminous flame from natural gas with all three 
essential factors—fuel input, air supply, and furnace pressure— 
under exact control. Evidently, the heat transfer in a furnace 
under luminous-flame conditions is very largely from the flame, 
the wall transfer being of minor importance. In this type of 
combustion, the most important function of the wall is to screen 
off heat losses so that flame temperature can be maintained. 
The old sheet heater maintains a heavy flame in his furnace, not 
only to establish the maximum possible heat transfer from the 
flame, but also to hold the wall temperature down so as to prevent 
radiation from the wall surfaces which might cause local over- 
heating. 

The author’s reservation as to the use of the “inverse square of 
the distance” law is open to question. It is commonly accepted 
that the heat transfer to an open-hearth bath is predominantly 
radiation from the flame. Furthermore, it is axiomatic that the 
flame must “wipe the bath.” A non-luminous flame will melt 
down a charge very rapidly, but as soon as the bath is under 
cover “it goes dead,’’ which indicates that convection transfer is 
not the controlling factor. When a luminous flame “wipes the 
bath,” the distance between the source of radiation and the work 
approaches zero, so that the distance factor is practically elimi- 
nated. It is probable that this law has much more importance in 
the range of very small distance than it has in the range con- 
sidered in this paper, so that the importance of the effect of 
distance on radiation may be much greater than the author 
believes. The example of the forging furnace using non-luminous 
flame and the one using the luminous flame for the same work 
and the comparison of results obtained is a familiar one, but the 
author’s solution is not borne out in practise. The writer has in 
mind two continuous annealing furnaces similar in size and 
construction. One of these is fired witha large number of natu- 
ral-gas premix burners over its entire length and the other with 
fuel oil over its entire length. The output from the luminous- 
flame furnace is distinctly larger than that from the non-luminous 
furnace. One could cite other instances equally as convincing 
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which indicate that the solution offered of merely adding more 
burners would not have remedied the situation. 

The question of efficiency of combustion is referred to in con- 
nection with improvements in burner design. In metallurgical 
heating, the aim is to secure maximum production and greatest 
yield at least overall cost. Fuel practise under these conditions 
may appear wasteful from the standpoint of efficiency of fuel 
utilization, but the waste may be justified from the results 
secured. In most steel-mill heating operations, luminous-flame 
combustion helps to meet these conditions, so that any experi- 
mental work which has as its aim the improvement of flame heat 
transfer is bound to have value. 


F. B. Jonzs.4 The writer agrees that this subject in the past 
has been shrouded with some mystery and that many conflicting 
statements have appeared in the technical press as well as in 
discussions on this subject. There seems to be a great need for 
determining fundamental data regarding the subject of com- 
bustion. 

The author states that the purpose of this investigation was to 
study the principles of combustion and radiation. It is re- 
gretted that he found it necessary to limit the investigation to 
this phase of the subject, as a much more valuable contribution 
could have been made had he been able to study not only different 
types of flames as produced by different types of burners, but 
also the effect of the furnace chamber on the various types of 
flames. 

It seems that the two phases of this subject are very closely 
interrelated, and it would be most difficult to arrive at con- 
clusions on the luminous and diffusion types of combustion if the 
data were limited only to one type of flame and one type of 
furnace chamber. With this thought in mind, the writer would 
seriously question whether sufficient data were available from this 
investigation to justify the author’s conclusions 8 and 4. 

The author uses the terms “luminous” and “diffusion” flames 
interchangeably. To the writer’s mind there is a distinct differ- 
ence. He can find no evidence in the author’s data to show 
whether the flame that he produced with his burner and furnace 
was a luminous or a true diffusion flame. Taking into considera- 
tion the design of the burner that the author terms a “luminous”’ 
burner, and also the fact that the experimental furnace was a 
cylinder 31/,. ft in diameter and about 14 ft long, the writer does 
not believe it is possible to produce a true diffusion flame with 
such a burner and with such a furnace chamber. Therefore, the 
flame the author used was a luminous flame of the delayed com- 
bustion and incomplete mixing type. 

If we are to assume that true diffusion combustion is obtainable 
only when we have parallel streams of gas flowing in a suitable 
furnace chamber that permits parallel or streamline flow without 
turbulence, it would seem to be most difficult to produce a true 
diffusion flame with the furnace set-up used in this investigation. 

A cylindrical type of furnace of a rather restricted diameter and 
length as used in this investigation, having a gas capacity of 2800 
cu ft per hr, would tend to break up and distort parallel lines of 
flow if they were once set up by a suitable burner. In fact, the 
combustion of the gases that the author shows with his luminous 
flame indicates incomplete and delayed combustion even at the 
point of discharge of the furnace gases. 

Fig. 6 shows that, even at a point 10 ft from the burner, about 
4 per cent of CO and hydrogen existed in flame products; also, 
that the percentage of CO, was about 9 per cent, which is below 
that secured with his non-luminous natural-gas flame of 11.5 per 
cent at the same point in the furnace. The oxygen content at 
the same point in the furnace was about 1 per cent. 

A rectangular type of furnace, much longer, would be more 


4 Equitable Gas Company, Pittsburgh, Pa. 


IRON AND STEEL 


adaptable for studying various types of flames, because there 
would be less tendency to set up turbulence in the flame, and 
there would be ample length for the full development of the flame 
length. Of course, the cylindrical type of furnace would be 
satisfactory for studying a non-luminous flame. 

It seems that this whole question of energy radiation from the 
combustion in various types of flames is still one on which much 
experimental and fundamental data are lacking. We are told by 
physicists that heat radiation is a phenomena involving energy 
waves in the ether, very similar to sound waves in the air. We 
are also told by men who have made studies of various wave 
lengths in the air that we have a wide variety of wave lengths 
possible in the ether. At one extreme we have very short cosmic 
rays, gradually getting longer through the X-rays, ultra-violet, 
visible rays, solar, heat, short radio, and finally the regular radio 
rays. It seems that we need data as to when and how the radia- 
tion waves from a flame are produced. Is the radiation produced 
at the moment of chemical union of the various contents of the 
gases such as carbon and hydrogen with oxygen, or are they 
produced continuously after combustion has taken place and 
after the resulting flue gases consisting of carbon monoxide and 
carbon dioxide and water vapor have been heated to a very high 
temperature? Possibly the total radiation is a combined effect 
of radiation sent out from the molecules of gas, both during the 
process of combustion and after they have been chemically 
united. 

The writer’s conception of the true diffusion flame is a flame in 
which microscopic or even ultra-microscopic particles of carbon 
are produced from the carbonaceous gases in the fuel and hang in 
suspension in the flame and set up energy radiations from the 
carbon particles as a result of the carbon particles being heated to 
a high temperature by the release of heat energy as a part of the 
fuel has been united with oxygen. He is of the opinion that the 
total radiation from the true diffusion flame is a result of the heat 
waves produced from the incandescent carbon particles, plus the 
heat waves sent out at the moment the chemical union of oxygen 
with either carbon or hydrogen is effected, plus the heat waves 
sent out from the resulting flue products which are still at a high 
temperature. If we could determine, for example, the total 
amount of energy that might be radiated from any flame from 
the instantaneous production of heat radiation due to the chemi- 
cal union of oxygen and fuel—if it is true that such union pro- 
duces heat radiation—and then determine the amount of energy 
that will be radiated from the resulting hot flue gases at various 
temperatures, then we would be in a position to predict the value 
of a true diffusion flame as a means of increasing the heat radiated 
to the work in the furnace. 

If we had such data we would also be able to evaluate the 
efficiency or effectiveness of various diffusion burners in terms of 
the amount of energy they would release in radiant form from the 
incandescent carbon particles that they produce in the flame. 
Until we have such data we will continue to remain, so far as this 
question of applying luminous and diffusion combustion to 
industrial heating operations is concerned, in a process of engi- 
neering guessing as to the value of one type of flame or burner 
over another. 


F. M. Wasusurn.® A large number of those who have not 
made a study of heat transmission as a rule have in their minds 
several misconceptions; chief among these are the thought that 
no heat transfer by radiation takes place from a non-luminous 
flame, the thought that the heat transfer by radiation from a 
flame is directly proportional to the luminosity or brightness of 
the flame, and the thought that the “inverse square of the dis- 
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tance”? law applies to radiant-heat transfer in a furnace. The 
author shows clearly that all of these conceptions are indeed 
more or less erroneous. 

Schack, of course, developed some time ago the formulas for 
radiation from the CO, and HO vapor present in a non-luminous 
flame, but the magnitude of the quantities of heat transferred by 
such radiation is not generally realized by operators of industrial 
furnaces. The excellent agreement between the experimental 
data obtained by the author and the results calculated by means 
of the published formulas should serve to bring home the im- 
portance of the consideration of radiation from a non-luminous 
flame. It is only natural, since a strictly non-luminous flame is 
invisible, to consider that no great amount of radiation is taking 
place from it, but when it is remembered that by far the greater 
part of the radiation which transmits heat from a flame is outside 
of the visible spectrum and that at the highest temperatures met 
with in industrial furnaces the visible radiation is only a fraction 
of the total radiation, it is seen that it is possible for a flame to be 
practically invisible—that is, devoid of luminosity—and still 
radiate a considerable amount of heat. In a non-luminous 
flame the radiation comes principally from CO. and H.0, which 
substances emit radiation in bands entirely outside of the visible 
spectrum, or in other words, such radiation is invisible. 

Table 5 and the statement by the author that as the emissivity 
of a flame is doubled the net heat transfer is increased by only 
30 per cent shows that the thought that the heat transfer by 
radiation is directly proportional to the luminosity of the flame 
is incorrect. However, from a standpoint of practical operation, 
an increase in the luminosity of a flame does mean an increase in 
heat transfer by radiation, and although the increase in heat 
transfer may not be directly proportional, nevertheless a con- 
siderable gain in heat transfer may be made by this means. 

The application of the “inverse square of the distance” law 
for radiation, which holds for a point source only, where no 
reflecting walls are present, to the conditions existing in a furnace, 
is shown to be erroneous by the author. However, although this 
“inverse square of the distance’ law cannot be applied in the 
case of a furnace, where radiation emanates from walls, roof, and 
flame, from a practical standpoint, when using a luminous flame, 
there is a distinct gain in heat transfer obtainable by keeping the 
flame close to the work. 

In this case, while the gain in heat transfer would, as shown by 
the author, not be nearly as great as would be shown by applica- 
tion of the “inverse square of the distance’ principle, when using a 
luminous flame, it is highly desirable, if not essential, to keep the 
flame close to the work. Another point which is not generally 
well understood, and which is clarified by the author, is the effect 
of a luminous flame in screening or shutting off the radiation 
from the walls and roof of a furnace. It is rather startling to 
find that as much or in some locations even more heat is trans- 
ferred from a non-luminous flame as from a luminous flame, when 
the sum of radiation from flame and from roof and walls is 
considered. Since, as pointed out by the author, a non-luminous 
flame is certainly more efficient for the transfer of heat by con- 
vection, the total amount of heat transferred by a non-luminous 
flame would be considerably greater than by a luminous flame. 
However, although this greater transfer of heat, due to the sum 
of radiation and convection, may take place from a non-luminous 
flame in some parts of the furnace, it is still possible that when 
the greater area covered by the luminous flame with its nearly 
uniform heat transfer is considered, the total heat transferred to 
the work in the furnace may be greater when a luminous flame is 
used. There are, in addition, other factors which greatly influ- 
ence the heat transfer. For example, a non-luminous, sharp, 
high-velocity flame is more efficient in melting down the charge 
in an open-hearth furnace, where heat transfer by convection can 
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take place readily due to the penetration of the interstices of the 
charge by the hot gases, as well as taking advantage of radiation 
from flame and from roof and walls. However, after such a 
charge is melted down, and a liquid bath is formed, practical 
experience shows that heat transfer is facilitated by the use of a 
slow moving, highly luminous flame. 

This latter effect is particularly well shown in the case of an 
open-hearth heat where the slag has risen up in a foam. Under 
these conditions, it is very difficult and frequently impossible to 
transfer enough heat to the bath with a non-luminous or weakly 
luminous flame, to flatten down the foam and to cause the re- 
actions in the bath to proceed. If the flame is made highly 
luminous, enough heat can be transferred to the bath to reduce 
the foam and proceed with the heat with much less delay than 
in the former case. 

Chief among the advantages of a luminous flame, the author 
lists “soaking heat.’”’ The explanation of “soaking heat’’ as 
applied to a continuous steel heating furnace is undoubtedly 
correct, and explains clearly the advantage of a luminous flame 
in this application. There is, however, another distinct ad- 
vantage obtained by the use of a luminous flame, particularly in 
open-hearth furnaces, where the refractories are required to 
withstand an extremely high temperature, and that is that a 
luminous flame transfers a much greater portion of its heat by 
direct radiation to the work than a non-luminous flame, and 
makes this transfer with a lower flame temperature. When a 
non-luminous flame is used, a much greater portion of the heat 
transferred must take place by radiation from the walls and roof 
than when a luminous flame is used. Such a large transfer of 
heat by the walls and roof necessarily means heating these parts 
of the furnace to a higher temperature than when more heat is 
transferred direct from the flame. Having the refractories at a 
higher temperature necessarily means shorter life and a higher 
refractory cost. From a practical standpoint, this factor in favor 
of the luminous flame cannot be neglected. 


C. Grorcs Srceter.* Not only Mr. Sherman but also other 
workers in the field of luminous or diffusion combustion have 
assumed that the air and gas layers introduced into a furnace 
absorb considerable heat prior to combustion at the interfaces. 
This point is open to some question, because the absorption of any 
considerable amount of heat, such as raising the absolute tempera- 
ture of the gas from an incoming 520 F to, let us say, double that 
amount, or 1040 F, will be accompanied by an expansion in 
volume to double the initial volume. The same is true, of course, 
of the air volume, and under such conditions there would be 
expected a high degree of turbulence and an immediate destruc- 
tion of anything remotely resembling air and gaslayers. It seems 
to the writer that rather the contrary should be true; that in 
order to preserve luminous-flame conditions in the way they can 
be observed in diffusion-combustion operations, it is essential that 
a relatively small amount of heat be absorbed by the layers of 
air and gas. Consequently, combustion speed remains rather 
slow. Reference to Fig. 30 in the new American Gas Association 
book, “Combustion,” would show that raising the temperature of 
natural gas to, say, 500 F would approximately triple its flame 
speed. Thus, from the admission end to the discharge end of a 
luminous-flame furnace one would expect combustion to be 
progressing at respectively increasingly rapid rates. Observa- 
tion on these points, although superficial as yet, does not seem to 
indicate that any such procedure is taking place. 

Since radiation is not a one-sided phenomenon, but in practise 
must represent the net result between the heat radiated from the 
hottest point and that re-radiated and reflected from other 
points, it is possible that other factors influencing the heat 
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transfer of a furnace also affect the net radiation from a flame. 


It has roughly been established that there is a relation between — 


heat transfer, at any given temperature, and the pressure loss 
over a given length of heat travel. To be sure, such a relation- 


ship is only a rough measure, but it is of importance in this | 


connection that the results obtained by the author strictly apply _ 


only to the furnace conditions which were set up by the physical 
limitations of the furnace in use. The relation of flue area to 
total heat input affected the heat transfer over the entire furnace. 
It affected in part the emissivity of the walls, although to only a 
small extent, as near as is known from the limited data of brick 
emissivities at high temperatures. This point is raised in con- 
nection with the attempt to draw practical conclusions from the 
materialat hand. Itis the thought of this writer that insufficient 
information is available from the tests performed to draw any 
definite conclusions on the rates of heat transfer which can be 
accomplished by various types of flame. 

Recent investigation’? of forging practise comparing both 
diffusion flame and non-luminous types of heating indicates that 
the diffusion flame does permit higher rates of heating in general. 
At the same time this paper discusses the limitations of heating 
rates determined by the thickness of the stock, the physical nature 
of the steel, and other considerations, which of course should not 
be looked upon as limiting the theoretical nature of the flames. 
However, the fact remains that faster work has been reported 
regularly from the diffusion-flame operations, which is contrary 
to the conclusions drawn by the author. It is quite possible that 
this difference has been due in part to the difficult question of 
furnace layout and design, which in turn affects the rate of heat 
transfer. Mr. Sherman calls attention to some of these points in 
the discussion which he makes of the transmissivity and the 
absorptivity of flames in relation to the roof and walls. It is 
possible that further efforts along this line will bring to light why 
certain diffusion-flame operations were capable of being carried 
on more rapidly than with non-luminous flames. 

These considerations might suggest reconsideration of the 
summary statements made by the author. For example, state- 
ment 1 has already been discussed. 

In statement 2, the author indicates that the luminous flame 
would give a more uniform temperature. This statement is only 
partly true, as it overlooks the present practical methods for 
obtaining uniformity by using a multiplicity of burners properly 
located. 

Statement 3 is subject to question based on the data collected 
and reported in the A.G.A. Industrial Service Letter on “‘Forg- 
ing.” The conclusions drawn therein are somewhat contrary to 
the theoretical considerations made by the author. It is quite 
possible, however, that additional data will eventually correlate 
these apparent discrepancies. 


W. J. Kine.® This paper represents a valuable contribution to 
the data of combustion and radiation in gases. The practical 
significance of the results is enhanced by the large scale of the 
tests, the amount of data obtained, and the excellent experi- 
mental technique. With regard to the latter, there is just one 
question which occurs to the writer: Referring to Fig. 3, is it not 
possible that the water-cooled tube containing the thermopile 
at its right end may have become filled with gases, including 
about 11 per cent CO2, which would absorb part of the radiation 
from the flame? Perhaps a very slow stream of dry air or nitro- 
gen might have been passed into the tube to clear out these gases. 

An examination of the data of Table 2 suggests that the 


7 As published in the A.G.A. Industrial Service Letter No. 11 on 
“Forging.” 
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failure of Equation [6] and the significance of the constancy of K 
may be explained by the fact that the depth of the flame was not 
extended far enough to get beyond the almost linear increase of 
pp with L. In other words, up to a depth of L = 35 in. the 
~ curve of pp against L had not begun to bend over and approach 
' the limiting value, i.e., the value of C in Equation [4]. On the 
flat portion of the curve beyond this bend, any variation of K 
would be revealed more plainly and the value of Qj, in Equation 
[6] could be calculated more accurately. 

_ Perhaps a system of mirrors could be used with this apparatus 
~ to secure the effect of greater flame depth, by reflecting the heat 
rays back and forth across the flame several times, as was done by 
E. Schmidt in his measurements of the emissivity of water vapor. 

No mention is made in the paper of the possible effect of radia- 
- tion due to chemical reactions in the combustion process. This 
would not appear in the non-luminous flame, since combustion 
was complete within a very short distance from the burner, but 
if this effect has any significance in this type of combustion, it 
might have been revealed if more complete data were given for 
the luminous flames. 

The conclusions drawn in the paper should not be applied too 
generally in practise, and the data should be used advisedly. 
For example, it is stated that, “In furnaces, such as boiler fur- 
naces, with water-cooled walls where no high-temperature solid 
« radiating surfaces are found, the overall transfer of heat by 
radiation can be increased directly as the emissivity of the flame 
is increased.’”’ This is true, as the author points out elsewhere, 
only when the temperature is maintained constant. In small 
boilers particularly, the flame temperature will decrease rapidly 
as the luminosity and emissivity are increased, and if the sur- 
rounding water-backed surfaces are not protected by refractory 
material, the temperature may be too low to support proper 
combustion. In such cases a non-luminous flame will give higher 
temperatures, better combustion, and higher rates of heat 
liberation in a given combustion space with smaller amounts of 
refractory. 

And in connection with Fig. 7 it should be observed that the 
curves of gas temperature and radiation versus distance from the 
burner will be quite different when a charge of cold metal is being 
heated in the furnace. Due to the transfer of heat from the 
flame to the work, all of the curves would be rotated clockwise, 
so that the luminous flame would probably show the most uni- 
form temperature and radiation. 

It is to be hoped that the author will continue his investigations 
in this field. Similar data on combustion and radiation in oil 
flames would be welcomed by designers of combustion equip- 
ment. 


J. D. Keuuer.? In the mass of glittering generalities talked 
and extravagant claims made with regard to luminous-flame 
burners, it is refreshing to listen to a paper dealing with actual 
facts. On a few small points, errors may be pointed out, with 
the understanding that they are not emphasized as detracting 
from the value of the paper. Thus, exception may be taken to 
the statement that, of the industrial gases, natural gas is the 
most difficult to crack. Coke-oven gas is much more difficult to 
crack than natural gas, while blue water gas cannot be cracked. 
The statement that mixing must be by diffusion is too broad— 
mixing can be effected after cracking by means of turbulence. 
Similarly, the conclusion that luminous flames transmit no more 
heat than non-luminous flames must be limited to present com- 
mercial burners which are “cracking” but not “mixing.” With 
“cracking and mixing” burners much higher heat-transmission 
rates are attainable than with non-luminous flames. 


9 Engineer with Prof. W. Trinks, Carnegie Institute of Technology, 
Pittsburgh, Pa. 
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It is possible that there are three sources of radiation from 
flames, instead of two as stated in the paper. Besides the 
radiation from solid particles and the continuing radiation from 
the non-luminous gaseous products of combustion after they have 
reached equilibrium, there may be additional radiation resulting 
from the act of combustion or chemical combination. The 
experiments of David on combustion in gas-engine cylinders 
seem to point to something of this sort. This possibility has 
already been alluded to by Mr. Jones in his discussion. It is to be 
noted, however, that the author measured {otal radiation from 
all sources; hence if radiation due to chemical action is present, 
its effect is included in the values found by the author. 

It may be pointed out that there is one special case where a 
luminous flame is of outstanding advantage—namely, in heating 
large ingots for forging where the furnace interior is cooled down 
before a cold ingot is charged, and walls and ingot heat up to- 
gether. In that case, the compensating radiation from the walls, 
as in Table 5 of the paper, is not present, and the heat trans- 
mission (for a given flame temperature) is almost directly pro- 
portional to the emissivity of the flame. 

All of the author’s tests were made with cold air. Much better 
results are obtainable if the air can be highly preheated (to 1800 
F or over). As far as concerns luminosity of the flame, it is use- 
less to preheat the air a small amount, such as 400 to 800 F, 
because this decreases the luminosity below that obtained with 
cold air. The same applies to preheating the gas, because 
methane does not dissociate appreciably below 1400 F, and must 
be heated to 1800 or 2000 F for really rapid cracking. 

Exception must be taken to conclusion 6, that the advantage 
of the luminous flame in glass tanks lies in a more uniform 
distribution of heat transfer. The advantages which would 
accrue from deeper penetration of heat into the glass bath are 
almost self-evident. The reasons why the luminous flame should 
cause radiant heat to penetrate more deeply are by no means 
clear, but that it does so has been shown beyond doubt by tests 
made by the writer and by independent tests made by others. 
In fact, when standing underneath the tank and looking upward 
through the joints of the bottom blocks, one can easily observe 
that the glass at the bottom of a tank working with a luminous 
flame is decidedly hotter than in one with non-luminous flame. 

The fact that the author tested only one type of luminous- 
flame burner may lead to claims that better results would have 
been obtained with other commercial luminous-flame burners. 
While tests of other burners would be very desirable, it seems 
improbable that such claims would be substantiated, since there 
is no essential difference in principle between the various lumin- 
ous-flame burners now on the market. Since the present un- 
certain state of the art—illustrated by the rapidity with which 
some makers shift from one design to another, changing almost 
overnight—indicates that the ideal luminous-flame burner has 
not yet been attained, it may not be amiss to state the require- 
ments which such a burner should fulfil: 

1 It should produce a flame of high emissivity and high 
temperature. This requirement apparently would necessitate 
cracking first and, later, turbulent mixing. The latter is neces- 
sary not only for attaining high temperature, but also for avoiding 
too great an incomplete-combustion loss. 

2 The gas and air should leave the burner with sufficient 
velocity to give direction to the flame. 

3 The emissivity or luminosity should be regulable. 
Present luminous-flame burners often cause trouble when starting 
up from cold, because combustion with a luminous flame is then 
very slow indeed; the furnace smokes excessively and heats 
slowly. If the flame could be made non-luminous when starting 
up, and changed to luminous when the furnace comes up to 
temperature, operation would be much more satisfactory. 
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4 The luminosity should not change greatly with the degree 
of turndown; it should be nearly the same when gas is burned at 
one-third the rated capacity as when it is burned at full capacity. 

5 The action of the burner should not interfere with the 
maintenance of a neutral or reducing gas blanket over the hearth. 

6 The burner should be simple, not too bulky, and so de- 
signed as to avoid burning-off of metal parts, binding of sliding or 
turning parts, or clogging by carbon deposits. 

7 Cracking gas should be kept out of contact with brickwork. 

Additional requirements would no doubt have to be taken into 
account for special applications of the burner. 

In the discussion, the penetration of radiant heat into the 
interior of steel pieces was mentioned as a possibility. The 
calculations of Dr. Northrup have shown, however, that heat 
radiation consisting of the usual wave lengths can penetrate into 
steel, as radiation, only to a depth of the order of 1/20,000 milli- 
meter. Beyond this, heat penetration can, so far as at present 
known, take place only by conduction. 


P. Nicwouts.!° The paper will be very helpful to combustion 
engineers and operators in that it crystallizes one’s ideas on the 
relative action of different types of gas flames. Although what 
the tests show and the author’s deductions are in accordance with 
the general ideas one has had and which follow from first princi- 
ples, yet this confirmation and illustration of their relative nu- 
merical values will enable operators to plan changes with more 
assurance. 

Knowing the difficulties in obtaining true temperatures and 
radiation measurements, one would expect that much more 
work will be needed before assured values for the constants of the 
theoretical equations can be determined exactly, and it is rather 
remarkable that the agreements were as close as those cited in the 
paper. The definition of flame depth at a given location must 
have been somewhat arbitrary; the uncertainty of the outer 
edge of the flame and the effect of the depth of the cooling cone 
could be quite a large percentage of the nominal value. One 
would expect that a much larger flame would be needed and that 
allowance would have to be made for the variation of the tem- 
perature through the flame. 

The paper makes no attempt to evaluate the effect of the loss 
of heat to the walls or to give the magnitude of this heat transfer, 
nor is there any assurance that it was similar in the various tests. 
When one compares the temperature curves of Fig. 7, it does not 
look logical that the curves for the semi-luminous and the lumi- 
nous flames do not show more tendency to cross that of the non- 
luminous; one would expect that the loss of heat from the 
luminous flame previous to the 11-ft position would have been 
considerably greater than that from the other flames, and that in 
consequence its temperature would have been below those of the 
other two. 

It is to be presumed that the gas-air ratio was the same for all 
the tests shown in Fig. 7. There is some omission in stating 
these ratios for all the tests, and there is uncertainty as to their 
values for Figs. 5 and 6. 

There is need for a better understanding of the relative ad- 
vantage of the type of flame as well as for the methods by which a 
desired type of flame may be obtained and controlled. As the 
author points out, all the advantages do not accrue to one type, 
and therefore a clear understanding of the principles involved is 
necessary in the interpretation of results obtained when experi- 
menting with a given installation. The Bureau of Mines had 
planned to make such studies of the application of gas to brick 
kilns, in the investigations which it was conducting at Roseville, 
Ohio, in cooperation with the Ohio State University. A special 

10 Supervising Fuel Engineer, U. S. Bureau of Mines, Pittsburgh 
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experimental kiln was built, and studies of the effect of burner 
placement and of the flame control were two of the main features 
to be investigated, but this work was stopped because of the lack 
of the relatively small additional funds required. 


F. B. McKunz."' It is very evident from the paper that 
facts are now being obtained on these two flames, the luminous 
and the non-luminous. The writer does not wish to enter into 
any discussion on the merits and demerits of the non-luminous 
flame. So far as combustion is concerned, there is no stratified 
combustion so rapid and efficient as where you get turbulence. 
You will understand, of course, that these lighter gases lend 
themselves to turbulence more readily than the highly luminous 
flame. 

We have been using for the last year straight by-product gas, 
and there are no reasons why we should not continue to do so. 
When our blast furnaces are in operation, we also mix blast- 
furnace gas with by-product gas and get good results. 

One very important point in the use of the non-luminous flame 
is the balanced condition of the furnace. We balance our 
furnaces in such a manner that the flame will start out the holes 
in the doors, but return and go back through the furnace. 
If we did not do this, we would find cold spots in different parts 
of the furnace. Another advantage this has is that it does not 
matter what velocity you have coming out of the burner or the 
port; the flame immediately starts to slow up and distribute it- 
self equally through the furnace. This balanced condition of the 
furnace is so important that the successful burning of the by- 
product gas depends on it. 

The writer can very easily see that one could rash up a piece of 
steel much faster with a non-luminous than with a luminous 
flame. He believes from experience that, if you put two pieces of 
steel in different furnaces and use the two different flames and 
watch, if you did not rash up the non-luminous flame too fast, 
your heat transfer would be much faster than with the luminous 
flame. If you properly balanced your furnace, you would have 
an equal distribution of the heat from both flames. 

At present we are running our soaking pits with straight by- 
product gas, with no complaints that this gas is inferior to any 
other gas. 

Three fundamentals about which we are very careful are the 
velocity of gas, the direction of the gas, and the balanced condi- 
tion of the furnace. Any success that we have had is entirely 
due to following the foregoing procedure rigidly. 

The combustion is so complete in our furnaces that we have 
no record of any CO in the outgoing end of the furnaces. 


W. J. WoutenBerG. The paper merits a thorough study and 
contains information that should be of considerable value to the 
industry. It presents in a simple and clear-cut way the relations 
which are involved in radiation from gas flames. It shows also 
how the radiation characteristics of these flames compare with 
the radiation from a dust cloud in which the dust is pulverized 
coal. There is, no doubt, information in this paper which may 
be used to advantage by engineers engaged in the design of 
pulverized-coal furnaces for boilers as well as that which is 
contained relative to the operation of industrial furnaces in which 
gas may be used as a fuel. 

From the engineer’s point of view, the formulas set up to 
express the characteristics of the radiation are perhaps funda- 
mental. From the point of view of the more exact scientist, 
they are of course empirical. The writer is referring in particular 
to the equations in which the specific radiation characteristics of 
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_ the flame are really included in the factor K, which appears in the 
‘product KL as an exponent of e in Equations [1] to [4]. As 
these formulas are set up, K is really a function of the composition 
of the gases, of the concentration of the various constituents, and 
in the case of a dust cloud also of the concentration and mean 
For a given composition of the mix- 
ture, K may also vary with the temperature, because for a given 
temperature it will depend on the wave-length bands in which 
the radiation occurs. As the temperature of a gas of given 
composition is changed, the number and position of the bands in 
which an appreciable amount of radiation occurs may change. 
It is therefore not surprising that K varies by the amounts shown 
in Table 3 when the radiation is measured from different parts of 
the furnace for the same flame. Obviously, most of the factors 
which have been mentioned as influencing the specific radiation 
characteristics, and therefore K, may vary from station to station 
in the flame. Therefore it is something of a relief to find out that 
the factor K does not vary with position in the flame more than is 
indicated by the values shown for it in Table 3. 

This information, although perhaps not obtained in an experi- 
ment conducted with the preciseness which would be character- 


istic of work done in a physical laboratory, nevertheless, because 


the data are taken on a mixture of gases rather than on the 
separate constituents, furnishes bench marks of’a sort for com- 
) parison with a more fundamental type of information on radia- 
tion taken for the separate constituents each by itself, and which 
data are available from such work as Schmidt on the radiation 
from water vapor and the more recent data which have been 
furnished by Schack and also by Hottel and Guerri. The latter 
appeared in the recent book on heat transfer published under the 
auspices of the Heat Transfer Committee of the National Re- 
_ search Council. In this book appears also some information 
based on theoretical considerations of the radiation from luminous 
flames. It will be very interesting to see how Sherman’s data on 
such flames check with this when the latter is applied to flames 
of the character on which Sherman has carried on his work. 
It still remains to be seen whether, by means of such information 
as is contained in Sherman’s tables, simple expressions can be 
developed to represent the variations of K which would yield 
results, when applied to furnace conditions, close enough to the 
actual conditions so that the results could be applied practically. 

From a practical point of view, some of the curves showing 
variations of temperature along the flame axis for the different 
types of fuel are particularly important. It appears to the 
writer as though the different distribution of energy which is 
indicated for the different types of fuel must be of considerable 
practical significance to the operator of industrial furnaces. 
It is also of considerable importance to the operator of boiler 
furnaces in that by means of such information, if this could be 
extended to the boiler furnace, might be found the zones of high 
and low heat absorption, and this might lead to information on 
how water-cooled surfaces should be distributed for best results. 


AvutTHoR’s CLOSURE 


The complete and frank discussion that has resulted from the 
presentation of the paper is greatly appreciated. The interest 
shown proves that the work was timely. 

Mr. Nicholls has called attention to the omission of the values 
for the air ratios on Fig. 7. These were stated in Table 3, but 
will be put on the-published figures to avoid any confusion. He 
has also questioned the heat loss from the walls and raised the 
point as to whether they were the same for all tests. The re- 
sistance of the walls was the same for all tests, and the tempera- 
ture attained by the walls was governed only by the rate of heat 
transfer from the flames. This was considered the only fair way 
to conduct the tests. 
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Mr. Nicholls questions why the temperature of the luminous 
flame was not much lower than that of the other flames. It was 
lower than that of the non-luminous flame at all points, but it was 
lower at the first two points, not because of its high emissivity 
(the absolute radiation was actually somewhat below that of the 
non-luminous flame), but because of the low rate of heat libera- 
tion. 

Professor Wohlenberg has properly pointed out that this work 
is of the engineering type, and the accuracy can not be expected 
to be equal to that of physical laboratory work. He also has 
emphasized the many variable factors that enter into the absorp- 
tion coefficient K, which explain its lack of constancy. 

Mr. King has asked about the possibility of CO. and HO filling 
the diaphragm tube and absorbing radiation from the flame. 
This possibility was foreseen, as trouble was had from this 
source in the calibration of the unit. As the furnace was at all 
times under a pressure less than atmospheric, however, and as the 
joints of the thermopile case were not hermetically sealed, enough 
air flowed in to keep the tube free of absorbing gases. This was 
proved by taking a reading, opening the case to allow air to flow in 
freely, and closing the case; the second reading checked the first. 

Mr. King and others have brought out the point that, if a 
furnace is cooled down by a cold charge, the rate of heat transfer 
will increase directly as emissivity. That is quite true, and 
review of the text will show that the author limited his conclu- 
sions as to the total radiant-heat transfer to furnaces with walls 
hotter than the work. 

Mr. Flagg discusses this subject in the light of much experience 
with high-temperature heating problems and with all kinds of 
fuel. He points out the truth that efficiency is secondary to 
quality in most heating processes. He has questioned whether 
the inverse-square law may not hold more closely for small 
distances between planes. He will find, however, on consulting 
Hottel’s curves, to which reference was made by the author, 
that the smaller the distance between the planes, the wider the 
departure from the inverse-square law. 

Mr. Flagg speaks of the repeated failure of tests to run an open- 
hearth steel furnace with non-luminous flames. However, an 
outstanding example of success with this type of operation is that 
of Mr. McKune, of the Steel Company of Canada, whose remarks 
speak for themselves. Although it may be more difficult to 
operate an open-hearth furnace with a non-luminous flame, it is 
not impossible. 

Mr. Flagg, Mr. Segeler, and others have insisted that the 
output of a furnace is frequently increased by the use of a lumi- 
nous flame. They do not insist, however, that the output per 
unit of heat input is increased. The author admits that the 
output of product per square foot of hearth may well be increased 
with a luminous flame, but not because of a higher over-all rate of 
heat transfer. On the contrary, the output may be low with a 
non-luminous flame because of an excessive rate of heat transfer 
near the burners which would damage the product. To avoid 
such damage, the heat input must be reduced and the rate of 
transfer at distances from the burner is made very low. With the 
proper luminous flame the heat transfer may be made more 
uniform over the hearth area and the rate of transfer so adjusted 
as to raise the temperature substantially uniformly through the 
work. The increased efficiency in the use of the hearth area will 
obviously increase the hourly output of the furnace and may even 
increase the thermal efficiency. 

Mr. Keller has properly corrected the author in the inexact 
statement that natural gas is the most difficult of the industrial 
gases to crack. He has also pointed out that luminous flames can 
be produced with mixing rather than with complete reliance on 
diffusion. 

The statements in the paper in regard to the application to glass 
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tanks were primarily speculation, put in to promote discussion. 
There seems to be no reason in the light of our present theoretical 
knowledge why luminous flames should heat the bottom of a 
glass tank more readily than non-luminous flames. If, however, 
practise shows that luminous flames are more effective, then 
some parts of our present theories must be incorrect; they 
certainly are far from complete. 

The author has no fault to find with Mr. Keller’s statements of 
the requirements of luminous-flame burners. 

Mr. Segeler questions whether the gases absorb heat before 
combustion at the interface, because he feels that this would 
promote turbulence. The gas must absorb heat before mixing 
with air or there will be no cracking. At any rate, in the com- 
bustion at the interface the gases absorb the liberated heat and 
increase in volume, so that a certain amount of turbulence is 
undoubtedly the result. 

In discussion of the effect of temperature on the rate of com- 
bustion, Mr. Segeler refers to Fig. 30 of the American Gas 
Association book, ‘‘Combustion,”’ where the relation between the 
maximum velocity of flame propagation V to the absolute temper- 
ature T is expressed as V = BT”, where B is a constant. That 
refers, however, to premixed gases; when, and if, combustion 
occurs only when the gases diffuse together, the rate is governed 
by the rate of diffusion, which is slow relative to the rate of 
combustion. Taylor, in his ‘Treatise on Physical Chemistry,” 
states that the diffusion coefficient for gases is proportional 
approximately to 7/2, Burke and Schumann made some rough 
experiments on the effect of temperature on the length of “‘diffu- 
sion” flames, but arrived at no definite conclusion. 

Mr. Segeler believes there is some doubt as to the application of 
the author’s results because of the type of furnace. He states 
that there is a relation between pressure drop and heat transfer, 
which is true for convection, and that therefore the ratio of the 
flue area to the heat input affected the heat transfer. The 
connection between the pressure drop or flue area to the radiant- 
heat transfer would need further amplification by the discusser 
for a conception of its significance by the author. 
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Mr. Jones has questioned the relation of the furnace shape to 
the possible turbulence of the flame and has suggested a rec- 
tangular furnace. The author feels that the furnace was the 
proper shape to conform to the round burner. 

Mr. Jones states that there is a distinct difference between 
luminous and diffusion flames, but in his extended discussion of 
diffusion, delayed combustion, and various types of energy waves 
he fails to make the distinction clear. 

The inference is made that a luminous flame radiates only in the 
narrow visible band, below 0.7u, as shown in Fig. 8, whereas a 
diffusion flame radiates over the entire band. This is obviously 
untrue. There can be no visible radiation without simultaneous 
infra-red radiation; cold light has not yet been discovered. 

Actually what the author believes Mr. Jones meant to convey 
was (1) that luminous flames do not necessarily have high emis- 
sivities and (2) that diffusion flames and only diffusion flames 
have high emissivities. The first statement is entirely correct, 
as has been proved by the experimental data of this paper. 
The second statement, however, is incorrect. As Mr. Keller 
pointed out in his discussion, flames of high emissivity can be 
obtained with mixing, and such flames are highly desirable, as 
they can be given direction in the furnace. All flames, including 
those used in the present experiments, in which the gas and air 
are introduced in. separate streams without later provision in the 
furnace for turbulence, must depend to a certain extent on diffu- 
sion for combustion. Diffusion is only the mechanism of mixing 
of gas and air and is a form of slow mixing and delayed combus- 
tion; it has nothing to do with radiant-heat transfer. A diffusion 
flame may be strongly luminous or semi-luminous; it may have a 
high or a low radiation and emissivity. 

The merits of luminous flames are clearly enough defined and 
are great enough for certain applications to stand on the deter- 
mined facts without an attempt to attribute to them properties 
they do not possess or to interject fine distinctions in terminology 
that are not supported by the facts. It is the earnest hope of the 
author that the statement of facts in this paper and the discussion 
will result in clarification of the subject. 
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Zap Flaps and Ailerons 


By TEMPLE N. JOYCE,! DUNDALK, BALTIMORE, MD. 


The early history of the Zap development is covered, in- 
cluding work done on the Flettner rotor plane in 1928. 
Because of phenomenal lift obtained by changes in flow 
around a cylinder, investigations were begun on improving 
- existing airfoils. This led to preliminary work on flapped 
airfoils in the tunnel of New York University, and later its 
application to an Aristocrat cabin monoplane presented to 
the B/J Aircraft Corporation early in 1932. A chronological 
record of the reactions of the personnel of the B/J organi- 
zation to the Zap development is set forth, particularly 
the questions regarding lift and drag coefficients, effect 
' upon stability and balance, and the operating forces neces- 
sary to get the flaps down. The effectiveness of lateral 
control, particularly with regard to hinge moments and 
whether the rolling moments were obtained primarily 
through spoiler action or positive lift increases and the 
relative percentage of spoiler rolling moments to positive 
rolling moments, is also included. Comparative data of 
forces and lift and drag coefficients of several types of flaps 
’ are given, with a discussion of the relative practical results. 
There is a discussion of the practical flying problems in 
which engineers and pilots are interested, including the 
effect upon landing and take-off, reactions in a stall, and 
lateral control below minimum flying speed, as well as the 
anti-spinning characteristics which have been displayed 
in actual flight tests. 


OR THE last five or six years, the demand on the part of 
operators for increased high speed has forced designers prac- 
tically to disregard the importance of the steadily increas- 
ing landing speeds of aircraft. During the same period there has 
been another influence that has allowed us to still further neglect 
this factor. It is the fact that modern engines are so reliable 
and forced landings occur so seldom that their importance has 


1 President, B/J Aircraft Corporation. Temple N. Joyce was 
born in Baltimore, Md., on June 27, 1895. He was educated at 
Baltimore Polytechnic Institute and Lehigh University. He was 
sales engineer for Truscon Steel Company, of Baltimore, 1915- 
1916. Applied to Signal Corps for aviation training immediately 
after declaration of war and was ordered to active duty in May, 1917, 
receiving commission as first lieutenant and being ordered overseas 
in November, 1917. At Issoudun, France, was ordered to test de- 
partment. Received promotion as captain in January, 1919, and 
last position held at Issoudun was that of assistant chief test pilot. 
From 1919 to 1925, represented Societe Morane Saulnier in United 
States and South America, contracting to the United States Army 
and Navy, Mexico, Argentine, Brazil, and Peru. Entered the em- 
ploy of the Curtiss Company in 1925 and was Washington representa- 
tive until 1927. Sales Manager for Chance-Vought Corporation in 
1927 and 1928. Organized the Berliner-Joyce Aircraft Corporation 
in 1928-1929 with Henry Berliner, becoming vice-president in charge 
of sales. With the acquisition of Berliner-Joyce Aircraft Corporation 
by North American Aviation, Inc., in June, 1930, was made vice- 
president and general manager of the newly formed B/J Aircraft 
Corporation. On May 2, 1932, was elected president of the B/J 
Aircraft Corporation, and so served until early in 1933, when North 
American Aviation acquired, through General Motors Corporation, 
the General Aviation Manufacturing Corporation. In June, 1933, 
was made executive vice-president and general manager of the latter, 
supervising consolidation of operations of both companies. 

_ Contributed by the Aeronautic Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THE 
AMBRICAN SocirTy oF MECHANICAL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


been looked upon with more or less contempt. This was par- 
ticularly true during the boom days when everybody was using 
a new engine and when landing speeds were thought of only in 
terms of getting into recognized airports. Three things have 
occurred since then, however, that have again brought to the 
front the importance of low landing speed: First, a very distinct 
realization that the public was afraid of aviation because of high 
stalling speeds and the frequent crack-ups with serious conse- 
quences. Second, the fact that increased high speeds could not 
be obtained without increasing still further high landing speeds 
unless some new aerodynamic development was brought into 
existence. Third, as speed ranges and wing loadings went up, 
takeoff run was increased and angle of climb decreased alarm- 
ingly. 

The Zap development is a successful effort to reduce landing 
speeds without impairing high speed and thereby to bring about 
the best overall increase in the efficiency of an airplane with the 
least added complications. Experimental work on the Zap 
flap was stimulated by investigations on a Flettner rotor airplane 
by Mr. Edward F. Zaparka, through the support of the Chrysler 
Corporation. Because of high lift reactions obtained by the 
change in flow around a cylinder, the research drifted to a prac- 
tical investigation of the problem of influencing the flow around 
an airfoil. The first work was done in a miniature tunnel and 
was supplemented by larger scale work in the New York Uni- 
versity tunnel under the able consultation of Professor Klemin. 
Subsequently, the flap was installed on a commercial Aristocrat 
cabin airplane of 165 hp, and flight tests proved that the flap was 
very effective. These also showed that though lift increases 
were essential for slow-speed landings, almost equally important 
was the question of lateral control; Zap ailerons were the result. 

In the Spring of 1932, the Aristocrat with Zap flaps and ailerons 
was presented to the B/J Aircraft Corporation. The author will 
outline here chronologically the questions and answers that were 
made and the reactions that he had to the Zap development, be- 
cause in so doing most of the questions that one would ask regard- 
ing Zap flaps and ailerons will be answered. 

Our first impression at the B/J plant when we were told that a 
plane was to be sent down was that it was just another flap air- 
plane and that it would be a waste of time to look it over, particu- 
larly because, to cur best knowledge, lift coefficients of 0.0044 
engineering units were the maximum that could be expected on a 
simple flap applied to a Clark-Y airfoil. When the airplane 
arrived at our field, it was observed that it had a split flap and 
that the ailerons were placed above the wing. This caused con- 
siderable apprehension, as it was felt that the ailerons in such a 
position would surely be blanketed when the plane was brought to 
a stall, and would not only be inadequate but dangerous. The 
author was quite reluctant to fly the machine at first, but finally 
did so, with the expectation of finding that the ailerons would be 
completely ineffective at 10 to 15 miles above the stalling speed 
of the airplane. Much to our surprise, they were found to be 
very effective down to and below the stall of the airplane with 
flaps up, and materially improved when the flaps were down. 
After a very short flight, the plane was brought down, with the 
conviction that it was a bad example of an airplane, but that the 
flaps and Zap ailerons almost made it a reasonable vehicle. The 
next step was to investigate the wind-tunnel data which had been 
carried out by New York University. The results shown in 
the data presented by Mr. Zaparka were extremely interesting, 
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and the B/J company requested models from New York Uni- 
versity, with the idea of checking them in its own tunnel. This 
was done, and the results of New York University as to lift and 
drag coefficients were substantiated. 

The B/J company had always been interested in slots and flaps, 
and the Zap development fell into sympathetic hands. We had 
always felt that the success of slow flying, regardless of how it was 
obtained, whether with slots and flaps, boundary layer control, 
or any other means, was dependent upon adequate control at the 
reduced low speeds. When it was found that an adequate slow- 
speed lateral-control device was in existence and at the same time 
did not impair the utilization of the whole span of the wing to 
obtain maximum lift increases, our enthusiasm for the Zap com- 
bination of flap and ailerons was intensified. In previous designs 
of a simple flap, as stated before, it was known that the maximum 
lift coefficients did not exceed 0.0044, and when the split flap pre- 
sented possibilities of 0.0065, an explanation of the theory became 
necessary. It might be of interest to theorize on what actually 
takes place in a split-flapped airfoil. With a normal wing, when 
the simple flap constitutes an actual break in the contour of the 
upper surface, the increase in lift is primarily due to change in 
camber, and there is no reaction due to increase of chord or 
change in flow over the top surfaces other than that which would 
normally be expected from increasing the camber. With a 
split-type flap, where the contour of the upper surface of the air- 
foil is preserved intact, the increase in lift can be divided into 
three possible heads: First, increase in camber of the bottom 
surface, which naturally stimulates the flow over the top surface; 
second, the preservation of the upper surface with the same chord 
and possibly an increase with certain types of flap movement; 
and, third, a change in flow over the upper surface brought about 
by the fact that the split trailing edge and undisturbed upper 
contour create a combination which causes a further increase 
in flow over the wing. In the illustrations, the flow reactions 
back of a simple flap versus the split flap will be seen, and also 
the effects of moving the trailing edge of the flap forward along 
the chord. Whether the additional increase in flow over the top 
of the wing referred to is due to the presence of an area of depres- 
sion at the trailing edge of the wing caused by the split flap or 
whether it is due to the displacing of the reversal flow away from 
the trailing edge so that the bottom surface flow unites with the 
upper surface flow with less detrimental vortices, is a matter for 
the theoretical aerodynamicists to thrash out. It is a fact, how- 
ever, that as the flap is moved forward so that the phenomenon, 
whatever it might be, is taken away from its influence at the 
trailing edge, there is an appreciable loss in maximum lift and is 
best when the trailing edge of the flap is approximately below the 
trailing edge of the wing, as is the case of the Zap arrangement. 
Some very interesting data on lift increase devices have been pre- 
pared and published by Mr. Richard M. Mock. 

With this explanation, the next question was why the airplane 
did not require greater changes in the horizontal stabilizer to 
take care of flap up and flap down positions. In Fig. 2 is shown 
the change in center of pressure brought about by the use of this 
particular flap movement on an airfoil and the consequence of 
moving the trailing edge of the flap fore and aft. In an airplane 
with flaps, the center of pressure travel and effect of changes in 
angle of downwash must be taken into consideration, and in most 
cases with the Zap it has a favorable reaction. In Figs. 3, 3A, 
3B, and 3C, pitching moments of a conventional naval biplane 
equipped with Zap flaps and ailerons are shown. Figs. 3D, 3E, 
and 3F give pitching-moment coefficients for an airfoil, while in 
Figs. 4 and 4A, the pitching moments of a conventional Zap- 
equipped monoplane are shown. The net result is that the 
balance and stability is undisturbed, and increases in tail area 
or abnormal stabilizer adjustments are not necessary. 
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The next point of interest, stimulated by the flights of the 
Aristocrat, was the extremely low operating forces necessary to 
move the flap down. With a simple flap of the type used on the 
Breguet observation airplanes in France as early as 1917, the 
forces necessary to get the flap down were excessive, so much so 
that the flap could only be deflected approximately 30 deg when 
usable operating forces and time to operate are taken into con- 
sideration. Even if it were deflected to greater angles, the lift 
coefficients would still be below that of the Zap. (Reference is 
made to the N.A.C.A. Technical Report No. 422, from which 
curves on Fig. 5 are interpolated.) 

With the straight type of split flap, such as the Wright, where 
the leading edge of the flap is a fixed hinge, the operating forces 
are compelled to work against the full aerodynamic load. If 
the mechanism is of cantilever construction, the forces are pro- 
hibitive. If it is of a toggle arrangement, which would have to 
be some modification of the Zap toggle, without the beneficial 
effect of the sliding front edge, there again the forces are ex- 
tremely high and particularly excessive at small angles of flap 
opening. These forces diminish after the flap has caused suf- 
ficient drag to slow the plane a great amount. (See Fig. 6, show- 
ing relative loads of Zaps versus straight flap for same angles.) 
The hypothetical airplane we used in arriving at these figures had 
a wing area of 309 sq ft, 48 ft 8 in. span, 83-in. chord, Clark-Y 
airfoil, gross weight of 4600 lb, wing loading of 14.8 lb, power 
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loading of 10.8 lb, and maximum speed of 150 mph. The flap 
area for both the Zap and simple flap was 30 per cent of the total 
area and the flap chord 30 per cent of the wing chord. The total 
span of flap was 45 ft and total area of flap 93.8 sq ft. Two 
calculations of forces were made for the simple flap, one a maxi- 
mum angle of 60 deg and the other a maximum angle of 45 deg. 
The mechanism for operating the simple flap was the most ef- 
ficient in our opinion, and the geometry chosen seems to be the 
one requiring the smallest effort on the operating crank handle. 
The Zap-flap geometry and operating mechanism are approxi- 
mately the same as those developed by the B/J company when 
Zaps were supplied to the XOJ-1 observation airplane for the 
Navy. A photograph of the XOJ mechanism is shown in Fig. 13, 
while Fig. 1 shows a schematic view of the Zap toggle mecha- 
nism. 

When a comparison of lift coefficients is made, it is seen that 
even though it were practical, from an operating force standpoint, 
to get the straight hinged flap down to 60-deg angles, in order to 
obtain the benefit of large drag, the lift would be materially less 
than the Zap flap, and in fact less than its own 45-deg position. 
(See polar curves, Fig. 7.) 

With the Zap type of toggle arrangement, wherein the leading 
edge of the flap slides back and the toggle is concealed in the wing 
in such a manner that one end of it is located close to the center 
of pressure of the flap and the other fastened to the structure at 
the top of the rib, it can be seen from Fig. 6 that the number of 
turns on the operating crank and the forces necessary are ex- 
tremely low; in fact, with certain types of airfoils, permitting a 


198 


more favorable geometry of the flap linkage, it will be possible to 
have actual opening forces. 

This phase of the Zap mechanism is extremely important when 
it is realized that light operating forces have two very important 
results: First, in that the weight of the operating mechanism 
can be considerably less, and second, even more important, the 
fact that in an emergency landing it enables the pilot to get the 
flap down quickly. In an existing monoplane which has recently 
been flown in the United States, a straight hinged flap is utilized 
in conjunction with Zap ailerons for lateral control, and the oper- 
ating forces are so great as to require 45 turns to get the flap down 
to 45 deg with a lift increase of only 35 per cent. It can be seen 
in Figs. 7 and 8 that the maximum lift coefficients of the Zap 
flap at 60 deg is 0.00615, and also from Fig. 7 that the straight 
hinged flap has only a maximum lift of 0.00545. These curves 
were developed by interpolating the data in the N.A.C.A. Report 
No. 422, because this report did not test the best Zap flap posi- 
tion, but took two flaps on either side of its general location. It 
must be borne in mind, however, that the angular movement of 
the flap and the lift coefficients obtainable are intimately con- 
nected with the practical results that can be obtained and which 
of course depend upon the operating forces and the time required 
to get the flap into action at maximum lift. In Figs. 8A and 8B 
are shown the lift coefficients for a staggered biplane with the dif- 
ferent flap settings on upper and lower wings necessitated by the 
stagger. Figs. 8C and 8D show wing and flap arrangement. 


Fig. 14 


During the explanation to the engineers of the B/J company 
and the Zap Corporation when the Aristocrat was first brought to 
our plant, the discussion of the phenomena surrounding Zap 
ailerons became quite intense. It had been noted that the aile- 
rons were effective at or near the stall and greatly improved when 
the flaps were in operation. It was disclosed that the ailerons 
have a material effect upon the downwash of the wing, and in view 
of the fact that the flow over the top surfaces is increased by the 
presence of the split flap at the trailing edge, the ailerons are actu- 
ally operating in a stimulated flow when the flap is down. These 
facts were substantiated later when it was found that the ailerons 
were at their best efficiency when relatively very close to the wing 
and diminished at a substantial rate when placed too far forward 
of the trailing edge and too far away in a vertical direction. The 
original rolling-moment curves presented by the Zap Corporation 
only represented meager researches as to the proper vertical and 
fore-and-aft position, aileron-airfoil section, aspect ratio, etc., 
but the data that were available indicated that the control at low 
speeds would be excellent. It will be noted in comparing the 
values of rolling and yawing moments of Fig. 9 that the plain 
Zap ailerons are approximately equal to the conventional ailerons 
of the same area. Subsequent tests and present research with 
modified slotted Zap ailerons show increased rolling moments 
with considerably lower hinge forces, which are now regarded as 
not only being equal to but in some instances are superior to con- 
ventional Frise types when acting in conjunction with unflapped 
or flapped airfoils. 
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The B/J company was very much interested in determining 
just how much rolling moment the Zap ailerons were capable of 
producing, how much of this was due to lift increase, and how 
much to spoiler in contrast with conventional ailerons. In order 
to determine this, our first tests consisted of an 8-in. by 48-in. 
airfoil on which a Zap aileron was superimposed throughout the 
span with the idea of determining the actual flow phenomena that 
took place when the ailerons were deflected through positive and 
negative angles. It was found that when the ailerons were sus- 
pended independently of the wing and were deflected through 
positive angles, there was a large increase in lift induced in the 
major airfoil as well as the lift created by the aileron itself due 
to its own airfoil action. On Figs. 10, 10A, 10B, and 10C are 
some of the results of these tests with the 8-in. by 48-in. airfoil 
showing the lift increases with positive angle and its spoiler action 
due to negative angles, as well as the drag increases or decreases. 
In these figures the drag of these auxiliary airfoils across the entire 
span for various angles of attack of the main airfoil is also shown. 
This increase in drag will be in the nature of approximately 1 per 
cent loss in speed of the airplane when the ailerons cover 50 per 
cent of the semi-span. In the application of the Zap ailerons to 
a conventional Navy biplane, shown in Fig. 14, where there was 
no particular attempt made to have a clean installation, the loss 
in speed was 1 per cent plus. There is additional research now 
being done on this type of aileron to absolutely determine the 
optimum fore-and-aft position and the best combinations of this 
with vertical location as well as the proper airfoil shape, the cor- 
rect aspect ratio, the best shape of wing tip, and the proper rela- 
tion of aileron chord to main airfoil chord. In Fig. 11 the hinge 
moments of a straight Zap aileron are shown, which indicates 
that for high-speed airplanes there will be excessive stick forces 
(but which are quite practical on slow planes of the private class). 
It is interesting to compare the hinge moments of the conventional 
unbalanced aileron, plain Zap, and slotted Zap ailerons in Figs. 
11 and 11A. All Zap ailerons are quite sensitive to vertical and 
horizontal location, depending to some extent on the wing section, 
and their neutral setting is most important. The slot of the 
aileron is quite different from that which is used on a wing due 
to its proximity to the wing upper surface, and its form and setting 
must be carefully determined. In Fig. 12 is shown the effect of 
placing the aileron in several fore-and-aft positions on the forward 
part of the wing as compared to the best position ascertained so 
far by us. 

It might be interesting to bring out the following facts to dif- 
ferentiate between the Zap ailerons and the conventional and 
floating types. Previous to the development of the Zap aileron, 
any attempt to use a trailing-edge flap was immediately handi- 
capped by the fact that from one-half to two-thirds of the span 
was used for lateral control, thereby diminishing the available 
maximum lift increase. When evaluating their respective merits 
with any type of lateral control, there are two conditions of flight 
that must be considered: control above the stall and control 
below the stall. With the conventional aileron, if the plane is 
approaching a landing in a glide above the stall but very close 
to the maximum lift, and a wing is unavoidably dropped, when 
the aileron is moved to a positive angle with the idea of picking 
up the low wing, several conditions are to be observed. Any 
small deflection of the aileron is reflected in a change in the lift 
on the major airfoil. This is of distinct advantage, because small 
aileron surfaces can be made to produce a rather substantial roll- 
ing moment by influencing the flow over the major airfoil. The 
conventional aileron, however, is at a disadvantage in that a large 
movement of the aileron might create a resultant angle of attack 
that would be beyond the critical angle and cause the wing to 
stall and further accentuate the dropped-wing condition. Simul- 
taneously with this, due to the unfavorable yawing moment, 


plane is approaching the ground, 
_ close to the point of maximum 

lift, but with floating aileron, if 
the wing is inadvertently dropped 
_a positive deflection of the float- 
- ing aileron will create an increase 
in lift, but only an amount equal 
_ to the lift generated by an airfoil 
of that particular aileron area 
and section at that particular 
angle of attack. There would 
be no induced flow over the sur- 
face of the major wing. In de- 
_ signing such an aileron, this 
- would have to be taken into 
consideration, and the aileron 
would have to be quite large so 
as to produce within itself a 
_ practical rolling moment at the 
reduced speed of flight brought 
about by the use of flaps or any 
other slow-speed device. The 
resultant aileron, by reason of its 
size, would then present very 
difficult structural features, as 
well as added weight and drag. 
This type of aileron naturally 
would have no bad effect of ag- 
gravating the stalled attitude of 
the dropped wing either when 
the airplane was coming in 
slightly above the stall or be- 
yond and would have still 
further the advantage, by rea- 
son of the angle of its lift vector, 
of a favorable yawing moment 
that would tend to pull the low 
wing forward and increase its 
velocity and consequently its lift. 

With the Zap aileron, the first 
reaction is that it is just another 
airfoil suspended above the wing, 
of which there have been numer- 
ous designs in the past. The 
original Curtisstype wasmounted 
at a considerable distance from 
either surface of the wing, and 
through its angular movements 
produced a workable rolling mo- 
ment. These ailerons went out 
of existence because of the fact 
that they were inefficient. ‘They 
induced no increase in lift over 
the major airfoil sections, and if 
they were large enough to pro- 
duce a usable rolling moment, 
their drag, mechanism, and struc- 
tural features were decidedly ob- 
jectionable. 
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the wing tends to rotate backward and still further decreases the The Zap aileron, by reason of its proximity to the upper surface 
_ lift with the possibility of entering a spin. Any further positive of the wing, naturally affects the flow over the top surface. 
_ movement of the aileron only aggravates the stalled condition Analyzing the several conditions, as was done in the case of the 
from a standpoint of flow over the major airfoil and at the same conventional floating ailerons, we find that if the airplane is 
_ time induces further unfavorable yawing. being brought in close to the point of maximum lift and the wing 
We will compare this with the floating aileron and later the Zap. _is inadvertently dropped with a positive movement of the Zap 
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aileron, there is not only created a rolling moment by the increase 
in lift on the aileron acting as an airfoil section alone, but there 
is also an induced lift on the major airfoil, together with a yaw- 
ing moment that is slightly less than the conventional aileron. 
(See Fig. 9.) At or below the minimum flying speed at which an 
unflapped airplane can fly, by reason of the fact that the Zap 
ailerons are used in conjunction with Zap flaps, the aileron is 
actually operating in an area of stimulated flow, and consequently 
produces favorable rolling moments at speeds far below the speed 
at which a conventional-wing airplane can be controlled with 
Frise or floating types. Even without the effect of stimulated 
flow due to the flap, the ailerons produce rolling moments com- 
parable with conventional ailerons per unit of area. It must 
again be borne in mind that conventional ailerons cannot be 
used efficiently with flaps located across the entire span of the 
wing by reason of the fact that they would be blanketed by the 
flap. If they are used, the flap can only occupy the inner portion 
of the span. At the reduced flying speed accomplished with the 
aid of any slow-speed device which is below that of the minimum 
flying speed of an airplane without flaps, the conventional aileron 
is all the more ineffective by reason of the fact that it is operating 
in a reduced flow of air, whose velocity is equal to that of the plane 
and not the stimulated flow over the top surface, as is the case 
with the Zap type. This penalty also applies to floating ailerons, 
which, however, do have the overall advantage of permitting the 
utilization of the whole trailing edge for flap. Preliminary in- 
vestigation indicates that Zap ailerons will also be quite inter- 
esting in any slot and flap application in the future. 

At this point there might be given some of the practical reac- 
tions had in flying Zap-equipped airplanes. There is no doubt 
that reduced minimum speed, with adequate lateral control and 
good inherent stability, will materially lessen the fatal crashes in 
aviation. In the majority of instances, fatal crashes occur from 
flying too slowly or gliding into a forced landing immediately 
after motor failure. The loss in lift at a speed just below the 
minimum naturally causes the airplane to mush, with a conse- 
quent increase in the resultant angle of attack, which, when be- 
yond the critical angle, results in a critical loss in lift and alti- 
tude. The reason for flying slowly is brought about by the fact 
that the pilot is forced to do so in order to get into a given air- 
drome over surrounding obstacles. Realizing that the modern 
airplane glides so flat and so fast, as is becoming more evident 
each day with the cleaning up of designs and increasing of wing 
loadings, and in attempting to consume the smallest possible 
amount of airdrome while in the glide, and also after leveling out, 
the pilot invariably brings the plane in as close to the point of 
maximum lift as he feels that he is capable of doing—and the 
better the pilot, the more likely he is to feel that he can play 
close around the stall point. If a sudden gust or if inattention 
on the part of the pilot inadvertently brings the flight attitude 
over the critical angle, a crash is likely to result, and the impact 
with the ground must be very close to the minimum flying speed 
of the ship, which, as assumed, is already very high. The pilot 
cannot put his nose down after coming in over an obstacle and 
pursue a steep angular path to the ground at a safer angle of 
attack because of the large pick-up in flying speed. This in- 
crease in speed would prolong the path of flight tangential to 
the ground, which almost invariably results in a high-speed two- 
point landing. With a Zap-equipped airplane, it is not necessary 
for the pilot to bring the airplane in close to the point of maximum 
lift, as far as excessive utilization of the airdrome is concerned. 
The Zap-equipped airplane, because of its high lift and drag, 
can be brought in along a flight path that is so steep as to permit 
only a small utilization of available airdrome distance. Even 
when the nose is put down at a 45- to 50-deg angle, the increase in 
speed is small, and when the airplane is leveled out, the drag 
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causes it to decelerate very rapidly and the high lift permits a 
slow minimum speed when it drops on the ground. It might be 
pointed out that the steep approach to the ground is a disad- 
vantage from a standpoint of the technique required in landing. 
This would be admitted if it were not for the fact that the in- 
creased lift permits a speed along the flight path so materially 
reduced that from actual experience there have been no adverse 
comments by pilots. There have been instances of airplanes 
being equipped with airbrakes, but without the necessary in- 
creases in lift. The result has been that, as the airplane must be 
dived at the ground at a sharp angle and at an unreduced mini- 
mum speed, the rate of descent is so great as to be quite discon- 
certing. The reaction is caused by the necessary sharp flaring 
action close to the ground and the short time interval, aggra- 
vated by the high vertical velocity. With the modern airplane 
whose cleanness has gone so far beyond the airplane of several 
years ago, the addition of the drag imposed by a flap does nothing 
more than bring the gliding angle back to what we were accus- 
tomed to and eliminates the bad floating characteristics. If an 
airplane were infinitely dirty from a drag standpoint and had a 
high wing loading and flaps in addition, it would be conceivable 
that the airplane would have to be dived at the ground at a 50- 
to 60-deg angle, and the transition from this attitude to the 12- to 
15-deg angle of attack for landing would quite complicate the 
technique of landing. 

Here we come to the problem that is often advanced by the 
automatic-landing proponents. It is the author’s opinion that 
flying will not reach popular enthusiasm sufficiently to warrant 
a large industry until the human element of flying has been re- 
duced far beyond what it is today. The place where the great- 
est human judgment is necessary is in that transition which takes 
place when the airplane comes in at a given negative angle in a 
glide and must be leveled off with the angular attitude changing 
to 12 to 15 deg positive. It would be most desirable to build 
an airplane in which the pilot could wind a crank adjustment to 
a point where an indicator would designate “landing attitude,” 
pull back his throttle, and let the airplane do the rest. There 
are certain things, however, which make this difficult at this time, 
and under certain commercial operating conditions, they will be 
difficult to meet in the future. This is qualified, however, by con- 
sidering only existing practical high-lift devices. Rates of de- 
scent beyond 12 to 15 ft a second are going to be difficult to take 
care of except in a very awkward type of landing gear. A rate 
of descent of 12 ft a second at or near maximum lift can only 
be accomplished at the present time with a lightly loaded airplane 
of clean lines and with flaps or with slots and flaps. As the wing 
loading is increased, the velocity along any given flight path very 
adversely affects the rate of descent, and the total overall L/D of 
the airplane with retracted flaps must be very good in order not 
to have too steep an angular gliding attitude for the particular 
wing loading. With a lightly wing-loaded airplane, somewhere 
under 10 to 12 lb per sq ft, and a good L/D, it is perfectly possible 
today to build a private or sport-type airplane with Zap flaps 
that could be mushed into a landing without the necessity of the 
pilot redressing by touching the controls. When we get into the 
commercial transport field where high wing loadings are impera- 
tive from a standpoint of speed and pay-load efficiency, it will be 
essential that the pilot use quite an amount of judgment in ap- 
proaching the ground and in the following leveling off for landing. 
This condition will continue, in my opinion, until such time as 
we are able to create much higher lift coefficients than are prac- 
tical today. 

In closing it might be added that as one becomes more experi- 
enced with flap airplanes, he arrives at the conclusion that the 
ability to raise and lower the flap quickly is almost as important 
as lateral control, particularly under forced-landing conditions. 
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In a number of practise forced landings, it has been found that it 
becomes necessary to alternately lower and raise the flaps to 
compensate for errors in judgment of gliding angle. 

The importance of this can hardly be appreciated until one 

, has attempted a forced landing under several varying wind condi- 
tions. For instance, when approaching a landing field under 
forced conditions, the flap is lowered and half way down in the 
glide it is discovered that the wind is blowing quite rapidly and 
the plane will not make the field, it is extremely desirable to be 

) able to wind the flaps up very quickly, pick up speed, and extend 

‘the gliding angle until it is assured that the field can be made with 
safety. 

By the time this decision has been reached, the airplane 
in most cases is at a very low altitude right over the edge of the 
field, and therefore the flap must be brought into action again 
very rapidly. It can be seen that a flap requiring a high operat- 

| ing force, necessitating too many turns of the handle, is quite 

- impractical for anything other than landings on normal airdromes 

- ) with full control of the engine and where there is ample time, and 
such a flap would be actually dangerous under forced-landing 

) conditions. 

Many engineers have asked about the spinning characteristics 
of Zap flaps, and in a recent controversy in one of the interna- 
tional aviation magazines a correspondent has claimed that the 
split flap should have very undesirable spinning characteristics. 
There are two things to offset this impression: First, the rela- 
tion between drag and the slope of the lift curve is very favorable; 
and second, in the B/J company’s XOJ biplane on which flaps 
were installed, it was absolutely impossible to spin the airplane 
either with power on or off, even when the center of gravity loca- 
tion was 4 per cent farther back than the plane was designed for. 
In a normal stall there is no particular tendency for the plane to 
rotate in either direction, and the nose merely drops forward until 
the plane has picked up speed. 

In this connection it is interesting to compare the difference 
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between the acute stalling of a Zap-equipped airplane of 12 or 13 
lb wing loading and that of an airplane of straight airfoil section 
with the same wing loading. When the latter type is acutely 
stalled, where the landing speed is around 55 to 60 mph, there is 
a resultant dive from which the pilot does not attempt to recover 
until the airplane has reached a speed of at least 70 to 80 mph. 
Because of the attitude of the plane in the downward plunge and 
the relatively horizontal attitude of the lift vector whose vertical 
component necessary to overcome the force of gravity is relatively 
small, the airplane must be allowed to traverse a considerable 
vertical distance in order that the lift vector may be acting ef- 
ficiently in overcoming gravity. Any attempt to pull the plane 
out previous to this time is more or less injudicious, because the 
inertia of the plane at the speed of 70 to 80 mph is so great as to 
cause a mushing action, with a resultant angle of attack that 
might again put the airplane into a spin. Those who have seen 
the training that went on during the war in J N-4’s realize exactly 
what this means, because time and again students have been seen 
to spin for several hundred feet, stop the rotation, enter a dive, 
and immediately go into a spin from the dive in the opposite 
direction. With a lightly loaded airplane, say of 5 to 6 lb per 
sq ft, which means a flying speed of approximately 40 mph, in 
a similar stall, the airplane can be pulled out of its dive at 20 to 30 
mph less speed than under the first condition, simply because the 
inertia is reduced as the difference between the square of two 
velocities, and being so much less the airplane can be brought to 
a level flying attitude with a considerable reduction in vertical 
descent. Because a flapped airplane also flies at a reduced rate, 
the inertia forces are consequently less, and therefore a stall is 
less dangerous when close to the ground, as it acts similar to the 
light-wing-loaded type. 

There is a mass of additional data of a specific nature that might 
have been included, and the author will be very glad to furnish 
this to those engineers who are further interested in the applica- 
tion of Zap flaps and ailerons to their particular designs. 
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A Thermal Study of Available Steam- 
Power-Plant Heat Cycles 


By G. A. HENDRICKSON! anp S. T. VESSELOWSKY,? DETROIT, MICH. 


Turbine and plant heat rates obtainable in large modern 


|, power plants are compared over a wide range of the pres- 


sure-temperature-cycle realm. These results were esti- 
mated from heat balances based on typical expansion 
lines for 30,000-kw turbines, which size was deemed suf- 
ficiently representative to draw rather general conclusions 
regarding large units. Cost estimates are not included, 
but the results are given in a form readily adaptable to the 
needs of those making economic comparisons. To this 
end, plant heat rates are given for estimating the rate of 
use of fuel, and turbine heat rates with supplementary data 
for estimating the size, and hence the cost, of the various 
equipment in a plant. The difference between turbine 


URING the last 10 years the 
1) efforts of steam-power engineers 

to lower plant heat rates has 
prompted an intensive study of the rela- 
tive efficiencies of available power cycles, 
and this in turn has brought forth a 
number of valuable papers* on both the 
thermal and economic factors of the 
problem. Early in this period The 
Detroit Edison Company, recognizing 
the need for an exchange of ideas on a 
national scale, sponsored the paper by 
C. F. Hirshfeld and F. O. Ellenwood 
on ‘‘High Pressure, Reheating, and Re- 
generating for Steam Power Plants.’”4 That paper and others 
published then and later embraced all of the pressure-tempera- 
ture-cycle realm of interest at the time of their presentation. 
A recent extension of the field considered practicable for op- 
eration, coupled with the publication of enlarged steam-table 
data by the A.S.M.E., has warranted a more complete survey to 
guide an extension of practise. 
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1 Engineer, The Detroit Edison Company. Assoc-Mem. A.S.M.E. 
Mr. Hendrickson was graduated from the Oklahoma A. and M. 
College, Stillwater, in 1922 and entered the service of The Detroit 
Edison Company the same year. He spent four years in routine 
testing and operation in Delray Power House, and then entered the 
engineering division of the company to work on problems of thermo- 
dynamics in the generation and use of power. 

2Engineer, The Detroit Edison Company. Mr. Vesselowsky 
was graduated from the University of St. Petersburg, Russia, in 1905 
and from the Federal Polytechnical School, Zurich, Switzerland, 
in 1908. For eight years he was connected with the Russian General 
Electric Company in various capacities in the factory at Riga and 
in the central offices at St. Petersburg. From 1919 to 1924 he 
was superintendent of the power house of the Société Ottomane 
d’Electricité at Constantinople, Turkey. He came to America in 
1924, and since 1925 has been engaged in the research department 
of The Detroit Edison Company, working on problems in mechanics 
and thermodynamics in power-plant practise. 

3 See Bibliography, Appendix III. 

4 A.S.M.E. Trans., 1923, pp. 663-711. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THE 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and plant heat rates allows for auxiliary power in pro- 
portion to the cycle requirements, and for miscellaneous 
losses sufficient to give the expected annual average 
value of the plant heat rates. While the computations 
are purposely fitted to a particular type of turbine and 
plant, the results apply approximately to most of the 
modern central stations. Comparisons of the thermal 
efficiencies of practical cycles with corresponding Carnot 
efficiencies are used to point out the best direction for 
future efforts. It is concluded that regenerative-feed- 
heating plants with the highest practicable initial tem- 
perature offer the greatest promise, both for immediate 
use and for future development. 


The response of The Detroit Edison 
Company to this situation was planned 
to supply both operating experience and 
a theoretical survey. In accord with a 
policy of trying all major developments 
on an experimental basis before accepting 
them as standard practise, the company 
purchased and installed a 10,000-kw 
1000-F turbine for observation. Op- 
erating experience and test data from this 
unit will be reported later by P. W. 
Thompson and others. Concurrently 
with the purchase of this unit, the com- 
pany undertook a thermal study of 
available steam-turbine cycles, which is reported in the present 
paper. 

The purpose of this paper is to supply data for a quick, ac- 
curate comparison of the probable performances of projected 
plants over a wide range of the pressure-temperature-cycle realm, 
so that future projects may be developed along the most promis- 
ing lines. Although ultimate comparisons necessarily include 
economic factors, such as fuel costs and capital investments, 
these factors vary greatly with location and with economic con- 
ditions; hence their final inclusion in the computed results is 
omitted from this paper. Thermal results, however, are pre- 
sented in a form readily adaptable to the needs of those making 
economic comparisons. To this end two complete sets of heat 
rates are given—namely, plant heat rates for estimating the rate 
of use of fuel and turbine heat rates with supplementary data for 
estimating the size, and hence the cost, of the various equipment 
in a plant. 

The field covered is not limited by established practise, but is 
extended to include cycles and steam conditions of possible in- 
terest for future development. The cycles studied include 
Rankine, regenerative-feedheating, reheating-regenerative-feed- 
heating, and a cycle using regenerative preheat of the combustion 
air by bled steam. 

Since the regenerative-feedheating cycle is of greater im- 
mediate importance than any other, it is studied in detail in 
one, two, three, and four feedheating stages. The reheating 
cycles studied include one-stage boiler-room reheat by combus- 
tion gases, one- and two-stage local reheat by live steam, 
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and one-stage local reheat by bled steam. These cycles are 
designated throughout by the following symbols: 


Ao = Rankine 

Ai = Regenerative feedheating in one stage 

Az = Regenerative feedheating in two stages 

A; = Regenerative feedheating in three stages 

As = Regenerative feedheating in four stages 

A’ = *Regenerative air preheat in four stages 

B = *Boiler-room reheat in one stage 

C = *Live-steam reheat in one stage 

D = *Live-steam reheat in two stages 

EH = *One-stage regenerative reheat (by bled steam) 


* Norn: These five cycles have four regenerative-feedheating stages. 


Fig. 9 gives a line diagram of all of these cycles. 

The initial steam conditions covered include temperatures of 
700 to 1000 F and pressures of 200 to 3500 Ib per sqin. Not all 
cycles, however, are extended to this upper pressure limit. With 
each cycle and temperature the initial pressure is restricted to a 
value near that which gives the maximum permissible moisture 
content of the exhaust. A common exhaust pressure of 1.0 in. 
Hg abs is assumed for all cycles and steam conditions, and in ad- 
dition all computations for the Rankine and regenerative-feed- 
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heating cycles are repeated with 1.5 and 2.0 in. Hg. The ex- 
pansion lines of Fig. 10 aid in visualizing the range of steam con- 
ditions covered. Feedwater temperatures of principal interest 
are those frequently designated as the ‘“optimum’’—that is, 
feedwater temperatures with which the most favorable heat rate 
is obtained. 

The discussion is divided into four major sections. The first 
section, on basic data and methods, outlines the choice of assump- 
tions and methods for their use in the final computations. The 
second section, on accuracy of the results, attempts to determine 
the errors in heat rates computed from the methods and data 
chosen. The third section, on the correlation of results, outlines 
the results presented and their interpretation in terms of actual 
turbines and plants. The fourth section, on general deductions, 
outlines the development of the heat cycle used in present con- 
ventional plants, points out the imperfections in fitting the basic 
cycle to its heat source, and shows how ideal conditions may be 
approached to the greatest possible degree. 

Following these four sections, a few general conclusions are pre- 
sented, and three appendixes are added for reference. Appendix 
I is an alphabetical list of all the nomenclature used; Appendix 
IT is a collection of all the important formulas; and Appendix III 
is a bibliography of the principal papers covering studies of steam 
cycles in the last 10 years. Finally, the results of the computa- 
tions are presented in graphical form. 


Bastc Data AnD Mrruops 


Great care was necessary in choosing the basic data and 
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methods. The type of turbine expansion line used, the manner 
of accounting for the kinetic energy of the exhaust, and the miscel- 
laneous assumptions allowing for pressure and temperature loss in 
various parts of the circuit determine the significance of the heat 
rates obtained in the final result. These items are discussed in 
detail in the following paragraphs to supply a basis for inter- 
preting the computed results in terms of actual turbines and 
plants. 

All computations are based on the 1930 A.S.M.E. “Steam 
Tables and Mollier Diagram,’ by J. H. Keenan. The work 
done by a pound of steam expanding between given pressure 
limits is determined from turbine expansion lines drawn on an 
enlarged version of this steam diagram with a constant dry-state 
individual-stage efficiency ratio® evaluated in collaboration 
with two of the large turbine manufacturers to agree with the 
operating results obtainable from large modern turbines. This 
method is adopted in preference to the use of adiabatic expansion 
lines and engine-efficiency ratios, because a stage-efficiency ratio 
can be extrapolated into unexplored steam-chart regions with 
greater confidence than the more complex engine-efficiency ratio. 
The use of turbine expansion lines has the objection that only one 
particular type and size of turbine can be represented accurately 
in the results, whereas the use of ideal cycles and engine-efficiency 
ratios permits the adaptation of the results to any type and size 
of turbine by the insertion of a suitable engine-efficiency ratio. 
Since all modern turbines of interest to central-station operators 
have about the same efficiency under given conditions, this is not 
a serious objection to the turbine-expansion-line method. 

Only a few expansion lines are drawn (see Fig. 10), and each is 
used for a number of cases with different cycles and different 
initial and final steam conditions. This requires a composite line 
representing, not the expansion characteristic for some given 
turbine, but an average condition for all possible turbines. Ex- 
pansion lines for hypothetical turbines with an infinite number 
of stages and infinite exhaust area satisfy this need. Such lines 
are readily drawn by means of the relations given in Equations 
[1], [2], and [3], Appendix IT. 

Fig. 1 shows how the dry-state efficiency ratio e appearing in 
these equations varies in actual turbines. Gradually rising dur- 
ing expansion, it reaches a maximum and drops abruptly in the 
last few stages. As the initial pressure increases, the efficiency 
ratios of the higher pressure stages decrease, with a consequent 
decrease in the average stage-efficiency ratio as shown. Finally 
a point is reached where it is desirable to use compound turbines. 
The liberties in choice of wheel and shaft diameters and the num- 
ber of stages afforded to the turbine designer by compounding 
permit an increase in the efficiency ratio of the upper stages and a 
discontinuity in the average as shown. With extremely high 
pressures, multi-expansion turbines would be used with further 
discontinuities in the average efficiency ratio. For simplicity in 
use, ¢ is assumed constant at 0.845 throughout the dry-steam 
region. This value, when corrected for the effect of moisture in 
the wet-steam region, reproduces with fair accuracy the results 
obtainable from large modern turbines. The moisture correc- 
tion used is 1 per cent for each 1 per cent of moisture present in a 
given stage. The resulting efficiency ratio is given in Equation 
[3]. The end-points of the expansion lines of Fig. 10, drawn from 
these data and Equations [2] and [3], are reproducible within 0.1 
Btu per lb of steam. 

These lines give the expected expansion end-points for hypo- 
thetical turbines having no exhaust loss—that is, for turbines 


5 For accuracy in expression, the terms stage-efficiency ratio and 
engine-efficiency ratio are used in place of the more common stage 
efficiency and engine efficiency. It should be noted that these terms 
do not represent true efficiencies, but ratios of the actual efficiencies 
to the corresponding basic-cycle efficiencies. 
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with infinite exhaust area. In such a turbine the kinetic energy 
of the exhaust would be available for conversion into useful work 
at the efficiency obtaining in the lower stages. To determine the 
effective expansion end-point in an actual turbine, an exhaust-loss 
correction is necessary. Since the stage loss for this correction is 
already charged against the expansion efficiency, the correction de- 
sired is the actual exhaust loss multiplied by the efficiency ratio 
of the last stage. This relation is given in Equation [4]. 

Variation of the kinetic energy of the exhaust # in Equation 
[4] is so complicated that no complete, satisfactory representa- 
tion of it is available. Moreover, it is necessary to make a more 
or less arbitrary disposal of some points on which practise is 
not uniform. For example, some manufacturers proportion 
nozzle and blade areas of their bleeding turbines for the actual 
conditions of operation, while others prefer to proportion all tur- 
bines for non-extraction operation, with a consequent reduction 
in development charges during manufacture. Unfortunately, a 
single set of computations cannot show the results for both of 
these practises. Since all of the turbines with which the authors 
have occasion to work are proportioned for non-extracting opera- 
tion, allowances for exhaust loss are made on the basis that the 
kinetic energy of the exhaust at layout steam flow or maximum- 
efficiency load non-extracting is the same for all turbines con- 
sidered. The exhaust loss chargeable depends then on the 
amount of steam extracted. An approximate solution for this 
dependence is given in Equation [5], Appendix IJ. At maxi- 
mum-efficiency load non-extracting the value of the kinetic 
energy of the exhaust # in Equation [4] is assumed at 12.1 Btu 
per lb of steam exhausted. A 10 per cent allowance for hood 
losses makes the total exhaust loss H; = 13.5 Btu per lb. This 
exhaust-loss allowance and the expansion lines of Fig. 10 de- 
fine completely the assumed turbine performance. 

The computation of overall turbine-room results necessitates 
further assumptions involving the characteristics of accessory 
equipment. For example, the pressure and heat loss in extrac- 
tion lines, the terminal temperature difference in feedheaters, and 
other losses must be determined before extraction-turbine per- 
formance can be computed. 

Exact determination of the pressure loss in extraction lines 
for an actual installation is usually done as a trial-and-error 
computation. For hypothetical cases or projected installations, 
a direct computation is possible if the pressure loss is assumed 
on the basis that the plants in question may be designed to fit. 
Preliminary computations showed a 5 per cent pressure drop in 
extraction lines and fittings to be fairly representative of average 
conditions. This allowance provides for an extraction line length 
equivalent to 75 ft of straight pipe and four 90-deg bends and a 
steam velocity of 200 ft per sec. 

The following assumptions covering the characteristics of 
feedheaters, condensers, reheaters, air preheaters, and throttle 
valves are estimated from’ practise without detailed investiga- 
tion: 5 F terminal temperature difference in the feedwater 
heaters, 4 F undercooling of condensate® in the main condenser, 10 
per cent pressure reduction through the steam reheaters, 10 F 
terminal temperature difference in steam reheaters and bled- 
steam air preheaters, and 4 per cent pressure reduction through 
the turbine throttle valve at full primary opening. Other 
pressure losses assumed are, for steam mains, 10 per cent, and for 
feedwater mains, 100 lb per sq in. It was further assumed on 
the advice of the turbine manufacturers that the most favorable 
locations of the individual feedheaters are obtained with that 
distribution in which equal amounts of steam are extracted to 


6 Recent changes in condenser practise in the plants of The De- 
troit Edison Company indicate that less undercooling might have 
been assumed. This is a small item and has no appreciable effect 
on the results. 
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each heater. These assumptions make possible the computa- 
tion of expected operating data for turbines and their accessory 
apparatus. 

Expected annual average plant heat rates are obtained from 
turbine heat rates by making proper allowances for auxiliary 
power consumption, loss to flue gas, cost of feedwater make-up, 
and miscellaneous plant losses. 

In the allowances for auxiliaries, the power for boiler-feed 
pumps, for coal handling and firing auxiliaries, and for circula- 
tors was computed separately in proportion to the cycle require- 
ments. Equations [6], [7], and [8] for these items assume 0.60 
as the combined efficiency of each auxiliary and its drive. 
Miscellaneous losses such as station lighting, air compressing, 
and general service-water pumping are assumed constant at 
0.005 kw per gross kw for all conditions. This value gives a 
total auxiliary power consumption of 5 per cent for a 400-lb 
regenerative-feedheating plant. Summing these, Equation 


[9], Appendix II, gives the total auxiliary power allowance. 
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Loss to the flue gas is estimated on the assumption that a boiler 
with a maximum test efficiency of 0.88 may be designed for any 
plant considered. 

The cost of feedwater make-up for the regenerative-feedheat- 
ing cycles is computed from the change in steam rate by bleeding 
the steam required for an interstage evaporator located between 
the two highest pressure feedheating stages. This in turn is 
determined by the change in work given in Equation [10], Ap- 
pendix II. Similar equations could be developed for the reheat- 
ing cycles, but a considerable amount of computation is avoided 
by using a curve of the data computed in the treatment of the 
regenerative-feedheating cycle. In this curve given in Fig. 2, 
the cost of feedwater make-up is almost independent of initial 
steam conditions and depends principally on the feedwater 
temperature. 

The foregoing allowances for auxiliary power and other losses 
give a basis for determining plant heat rates from turbine heat 
rate with continuous ‘“‘test condition” performance under opti- 
mum conditions throughout the plant. To account for mis- 
cellaneous losses arising from sudden changes in load, operation 
off the maximum efficiency points, and other unpredictable causes, 
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a plant operating heat rate ratio is introduced. It is assumed 
that the annual average plant heat rate will be 10 per cent 
greater than the computed optimum ‘‘test condition” plant heat 
rate. This factor is chosen to agree with plants in the experience 
of the authors. 

These assumptions for auxiliary power, flue-gas loss, cost of feed- 
water make-up, and miscellaneous losses complete the data neces- 
sary for a final computation of complete plant performance. 


AccuURACY OF RESULTS 


It is proper to inquire into the accuracy of these data and as- 
sumptions as a means for computing the expected performances of 
actual turbines and plants on a comparable basis. The following 
discussion attempts to outline the faults of the more important 
items of basic data, and to determine their probable effect on the 
accuracy of the results. 
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Fic. 3 Vartarion or Exnaust Loss Wir CHANGE IN Steam FLow 

The steam chart used is probably most important. For- 
tunately, the chart region of chief immediate interest, which in- 
cludes steam temperatures up to 750 F at all pressures considered, 
is supported by sufficient data from the A.S.M.E. Steam Re- 
search Committee to insure its accuracy within the limits de- 
sired for this study.’ Comparison With European steam-re- 
search data indicates further that the chart is sufficiently accurate 
at all temperatures considered for pressures below 1000 or 1200 
lb per sqin. Thus the region in which the steam chart accuracy 
is at all questionable is represented by pressures above 1000 or 
1200 lb per sq in. when the temperature is above 750 F. The 
A.S.M.E. Steam Research Committee does not estimate the 
probable magnitude of the error in this area, and it is therefore 
impossible to give a reliable estimate of the error introduced from 
this source into the computed heat rates. It probably does not 
exceed 30 Btu per kwhr, and tends to show a lowered heat rate in 
the computed results. 

Another small error that enters into the results by way of the 
steam chart concerns not the accuracy of the chart itself, but the 
readability of its scale. The large-scale Mollier diagram used in 
the computations is readable to the nearest 0.1 Btu per lb of 
steam. Since the end-points of the expansion lines are accurate 


7 See “Correlation of Steam-Research Data,’ by Dr. Harvey N. 
Davis, MecHantcaL ENGINEERING, vol. 51, p. 129, 
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within that limit, they determine the work done by a pound of 
steam expanding over a given pressure interval to the nearest 
0.1 Btu. The corresponding error in heat rate is about +5 Btu 
per kwhr. 

The work indicated by the expansion lines depends on the dry- 
state-efficiency ratio used in their construction. Since this 
efficiency was determined from actual turbine data, it represents 
actual turbine performance very accurately for steam conditions 
in the immediate vicinity of these data (375 lb gage and 750 F). 
There naturally arises the question of how accurately this same 
dry-state-efficiency ratio portrays the operating characteristics 
of other turbines operating under different steam conditions. 
One manufacturer of large turbines states that the expected 
performance is predictable over the entire known field by this 
method with an error less than 1 per cent—that is, about +100 
Btu per kwhr. 

This question is related very closely to the use of so-called 
compound and multi-cylinder turbines. The relation of the 
average dry-state-efficiency ratio of a single-cylinder turbine to 
that of a compound or multi-cylinder turbine has already been 
shown in Fig. 1. It is there indicated that compounding in- 
creases the efficiency. Since the fields of these two turbine 
types overlap, it is necessary to consider the effect of this point 
when comparing compound and single-cylinder turbines in the 
same steam chart region. Further it is evident from Fig. 1 
that even with compound and multi-expansion turbines the 
stage efficiency may continue to drop with higher pressures. 
The effect of extreme pressures is not accurately predictable at 
this time, and it is possible that for pressures above the limits of 
present experience the error allowance previously stated would be 
insufficient. 

The discussion of errors so far pertains wholly to those intro- 
duced in the determination of the end-points of the computed 
expansion lines. The location of the actual expansion end points 
is affected by the error of the exhaust loss charge as determined by 
Equation [5]. This formula assumes that the curve of exhaust 
loss plotted against exhaust flow F isa parabola. This would be 
true if the exhaust steam left the last wheel with a relative ve- 
locity v, (Fig. 3) always at the angle 6 with the plane of the wheel. 
Here @ is the exit angle of the last wheel blades. Actually, be- 
cause of underexpansion in the last turbine stage, there is a de- 
flection of the exhaust steam to a different angle 6’, and the rela- 
tive discharge velocity becomes v,’, with a corresponding ab- 
solute discharge velocity v’. The kinetic energy E; in Equation 
[5] corresponds to the absolute velocity v’ in Fig. 3 for non- 
bleeding operation at the layout steam flow, and the equation 
assumes that the end of the vector representing absolute velocity 
moves along the line a’a’ parallel to v,’ when the exhaust flow 
changes with bleeding. Any variation in the exhaust flow, 
however, results in another expansion ratio for the last stage, 
and consequently a different exit angle 6”. Thus when the tur- 
bine is bled, the relative velocity of the exhaust is v,” instead of 
v,’’’ and the actual exhaust loss chargeable is determined by the 
corresponding absolute velocity v” rather than v’’’ accounted for 
in Equation [5]. Computations on an actual turbine indicate 
the magnitude of this error to be about +25 Btu per kwhr in 
the cases with greatest bleeding. It is of course zero in the Ran- 
kine cycles. 

The foregoing items constitute the most important errors in 
the non-reheating heat rates attributable to the nature of the 
available data and assumptions. A further possible error of 
+10 Btu per kwhr is introduced by two graphical interpolations 
in reducing the results to presentable form. 

An error that applies only to the reheating cycles enters 
through the determination of the optimum points for extraction 
when a reheat point intervenes between two extraction points. 
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Failure to ascertain the exact optimum point introduces a possible 
error estimated at 0 to +25 Btu per kwhr. 

Another minor error arises in converting turbine heat rates 
into overall plant heat rates, as follows: Evaporators for make- 
up supply are assumed to be located between the two highest- 

pressure extraction stages in every case. In the lower pressure 
eycles this is necessary to keep the volume of make-up vapor 
low so that sufficient relieving capacity may be obtained with 
reasonably small surface. The same assumption is extended to 
all cases for simplicity in treatment. In consequence the make- 
up is heated from its supply temperature to its vaporization tem- 
perature in a single step, and the advantages of regenerative 
heating are lost. The magnitude of this loss is estimated at 0 to 
+25 Btu per kwhr, and depends principally on feedwater 
temperature. It affects all cycles except the Rankine and one- 
stage regenerative-feedheating. 
All the errors discussed may be tabulated as follows: 


Magnitude, 

Source of error Btu/kwhr Operates 
Steam-chart inaccuracy...... — 30* Above 1000 lb and above 750 F 
Steam-chart reading......... + 5 In all results 
Stage efficiency used......... +100 With differences in initial pressure 
Computation of exhaust loss.. + 25 In cycles employing extraction 
Graphical computation...... + 10 Inall results 
Optimum feed temperature 

WILHETORES bie a cya ci rahi + 25 In reheating cycles 
Evaporator location......... + 25 In plant results with high feed 
temperatures, all cycles except 
Rankine and one-stage regen- 
erative-feedheating 
MOGAUS ira c cite ee alee ctelotels +190 to —145 


* Notes: A negative error indicates that the computed heat rate is below 
the actual. 


In most cases the error would be much less than the total given 
as the maximum. 


CoRRELATION OF RESULTS 


In addition to the heat rates presented in this paper, a large 
amount of pertinent data was made available in the course of 
the computations. A complete presentation is not practicable, 
but a sufficient amount of this supplementary data is included 
for a ready redetermination of all the important items not directly 
exhibited. 

Two complete sets of heat rates are given in Figs. 13 to 19, in- 
elusive. Turbine and plant heat rates are presented side by side 
for each cycle considered. Of these the plant heat rate may be 
used for comparing the thermal economy of projected plants. 
However, since these data contain arbitrary allowances for auxil- 
iary power and other losses, the turbine heat rates are much more 
definite, and should be used whenever they can be made to give 
the comparison desired. 

Optimum feedwater temperatures for all cycles are given in 
Fig. 11. These data, together with the reheater data for cycle 
B in Fig. 18, permit the ready determination of steam rates, 
heat rates, heats rejected to the circulating water, and the volume 
of the steam exhausted. Equations [11] to [18], Appendix IT, 
apply in these determinations, and may be followed by Equations 
[6] to [9] to obtain an itemized estimate of the auxiliary power 
required. 

The expansion lines of Fig. 10, with the data and equations 
given, may be used for an approximate determination of the 
condenser steam rate, total steam extracted, steam extracted 
to each heater, and other minor items. These uses are not de- 
scribed in detail. " Since the scale of Fig. 10 is quite small, any 
one with a considerable amount of such work to do could profita- 
bly construct expansion lines on a larger chart to suit his needs. 

For plants operating on any of the cycles studied, these data 
permit a detailed analysis in a fraction of the time required for a 
complete computation. 
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Since, as previously stated, no single set of results can ac- 
curately represent the different types of turbines in general use, 
the assumptions made apply particularly to a throttle-governed 
1200-rpm turbine of 30,000 kw or larger with straight impulse 
blading. It is necessary to consider this point when comparing 
two turbines of different type; and if the greatest possible ac- 
curacy is desired, a complete detailed computation may be neces- 
sary for each case. For example, in a comparison between a 
throttling turbine and a cut-out-governing turbine having a two- 
blade-row first-stage wheel, with the same initial steam conditions 
in each ease, the respective actual expansion lines would show dif- 
ferences, not only at the end-points of the expansion, but at inter- 
mediate points as well. Further, because of differences in the 
heat rate versus load curves, the load-duration characteristic 
would affect the relation between turbine heat rate and plant 
heat rate differently in each case. Hence it is evident that errors 
not mentioned among those previously listed may influence the 
comparison when considering turbines with differing expansion 
characteristics. 

Another instance, illustrating the discrepancy between calcula- 
tions and the performance of actual turbines, is in the treatment 
of the exhaust loss at different back pressures. The exhaust 
loss for which any actual turbine should be designed would be 
determined at the point of economic balance between capital 
charges and the cost of fuel with different last-wheel and exhaust- 
hood sizes. Determination of exhaust loss for each case in this 
study on such a basis would be an almost endless task and would 
enhance the value of the results only slightly. Although the 
constant value assumed is believed to be quite satisfactory when 
comparing cases with the same back pressure, comparisons in- 
volving a change of back pressure may require special considera- 
tion if the greatest possible accuracy is desired. 

These points are mentioned to illustrate that care must be 
exercised in applying these computed data to the performance of 
actual turbines and plants. 

With one exception, the results presented are on a comparable 
basis for all cycles considered. Since any given boiler efficiency 
is harder to obtain when preheating the combustion air by bled 
steam, the assumption of a constant boiler efficiency for all cycles 
is slightly favorable to the cycle using preheat by bled steam 
as compared to a straight four-stage regenerative-feedheating 
cycle. 

Some remarks on the allowances for auxiliary power may be 
helpful. Strictly, the plant results are applicable only to plants 
with completely motorized auxiliaries supplied with power di- 
rectly from the main bus. Actually there is little difference be- 
tween such a plant and one having a separate steam-driven 
auxiliary power supply, provided the auxiliary turbine exhausts 
to the same back pressure as the main turbine, and has its con- 
densate heated in the main feedheating system or its equivalent. 
Further, the steam-driven emergency apparatus used in many 
places has a negligible effect on the plant heat rate. The 
results given, therefore, should apply approximately to most of 
our present-day conventional plants. 


GENERAL DEDUCTIONS 

Any survey of the efficiencies obtainable from different steam 
or cycle conditions undertakes to indicate those developments 
most promising for increasing the basic cycle efficiency. The 
problem may be approached from two distinct points of view. 
First and most important, any particular improvement should 
pay an economic return on the required investment. This 
phase of the question must be left for individual treatment. 
Second, but important also, each detail of improvement should 
be examined to determine the relation of its efficiency increase 
to that of another possible development which might be sub- 
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stituted. The remainder of this paper is occupied with a brief 
examination into the past development of power production, and 
attempts to point out other possible lines of development for the 
future. The shortcomings of present-day cycles are illustrated 


by comparison with ideal cycles, and an optimum cycle, subject 
to practical restrictions, is developed from these comparisons. 
The atmospheric engine of Newcomen, which is generally ac- 
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cepted as the first practical attempt to use steam for the produc- 
tion of power, operated on what may be called a full-admission 
Rankine cycle taking steam at atmospheric pressure and ex- 
hausting into a vacuum. Over a period of about 200 years fol- 
lowing the advent of this engine there ensued a gradual improve- 
ment in the working steam-pressure range. At the close of 
the nineteenth century, triple-expansion engines were operating 
with pressures as high as 150 Ib per sq in. A few quadruple- 
expansion engines used even higher pressures, but the large 
expansion ratio limited the range of initial pressures practicable 
with a displacement engine. Because of the fear of lubrication 
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alloy steels capable of withstanding yet higher temperatures, 
and then to increase the pressure to the economic limit. As in- 
dicated by the installation of several plants to operate at tempera- 
tures of 750 to 850 F, this seems to be the line of action favored by 
both European and American producers. The semi-experimental 
1000-F unit at Delray is a further step in this direction. 

This brief survey of the growth of power production outlines 
the present state of the art. A Rankine-cycle plant with the 
initial steam conditions of the Newcomen engine would have an 
efficiency of 8 to 10 per cent, which is more than doubled by the 
substitution of 400 lb per sq in., 700 F initial steam conditions 
into the same cycle. This improvement has paid handsomely 
on the added capital invested. 

Theoretically this same line of development might be followed 
indefinitely, for it may be observed that as the superheat tem- 
perature is increased the limiting Carnot efficiency also is raised, 
and indefinite efficiency increments are therefore possible. 
Naturally this possibility should be pursued as far as it gives 
promise of paying an adequate economic return, but the com- 
parison with alternate developments must not be neglected. 
Fig. 4 shows a comparison of Carnot efficiencies with those of the 
Rankine cycle at different temperatures. Carnot efficiency, be- 
ing the limiting efficiency, indicates when any appreciable im- 
provement over a given cycle is possible. Fig. 4 may thus be 
used to determine when changes from the Rankine cycle should 
be considered. A glance at the saturated-steam line shows that 
in the earlier years of steam-power production with low-pressure 
saturated steam, the basic cycle efficiency was very near the 
Carnot limit for the temperature employed. Higher pressures 
and temperatures widen the gap between actual and Carnot 
cycles. It is apparent that as the initial temperature is raised at 
constant initial pressure—that is, with increases in superheat— 
the resulting efficiency increase does not keep pace with the cor- 
responding Carnot efficiency. This is no indictment against the 
use of superheat, for as previously mentioned it is purely an 
economic question. If a higher degree of superheat pays an 
adequate return, it should be used. The point it is meant to 
emphasize here is that the time has arrived when some attention 
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troubles, superheat was not used; indeed, the value of increased 
temperatures was not fully realized until the very close of the 
period of supremacy of the reciprocating engine. The introduc- 
tion of steam turbines made possible almost immediately the use 
of temperatures around 450 F, and opened the way to future 
pressure increases. Since the erosion of the lower-stage blades 
by moisture in the exhaust restricts the initial pressure prac- 
ticable for turbines, even this higher temperature limited the 
pressure to around 150 lb per sq in. Subsequent use of steel 
castings in the high-pressure casing permitted temperatures 
around 700 F and pressures of 400 Ib per sq in. Following 
the same line of development, the next step was to substitute 
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should be given to possible changes in the basic cycle itself, so 
that actual cycle efficiencies nearer the Carnot limit may be at- 
tained. Some progress has already been recorded in this direc- 
tion, notably the general adoption of regenerative feedheating by 
extracted steam. Reheating and binary cycles, not yet gen- 
erally accepted, may be mentioned. Each of these improve- 
ments tends to lessen the gap between actual cycle efficiencies and 
the Carnot limit, but still the difference is large. 

Any attempt to improve this condition must consider the in- 
congruities between the basic cycle used and its heat source 
and endeavor to eliminate them. Since a complete elimination 
of losses is not always possible under the restrictions of practise, 
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the following discussion is intended to outline the optimum basic 
cycle subject to operating requirements. 

Energy for the production of power is obtained from the ir- 
reversible release of the chemical energy of the fuel by combus- 
tion. Point 1 on the temperature-entropy diagram of Fig. 5 
represents the condition of the combustion products, and the 
cycle 1-2-3 would produce the greatest amount of work that it is 
possible to obtain from them on any continuous operating 
basis. Because of the very high temperature at the initial point, 
and the mechanical difficulty of the isothermal compression along 
line 2-3, the Rankine vapor cycle 4-5-6-7 is substituted in actual 
plants. The loss by this substitution is evident from a considera- 
tion of an intermediate Rankine vapor cycle 1-2-3 which is 
ideally suited to the heat source and which obviously has the 
same efficiency as the gas-cycle 1-2-3. As areas in this diagram 
represent energy, the areas 1-2’-3’-3 and 4-5’-6’-6-7 are the same; 
and each represents the energy available from the fuel. Then 
since the mean ordinate of 4-5’-6’-6-7 is much lower than that 
of 1-2’-3’-3, it follows immediately that the heat rejected 5-5’- 
6’-6 for cycle 4-5-6-7 is greater than 2-2’-3’-3 from cycles 1-2-3. 
This increased loss to the circulating water is the direct result 
of the decrease in top temperature at which the heat of combus- 
tion is added to the working medium. 

In the conventional type of power plant three things are done 
to lower this loss which enters by the dissimilarity of the cycle 
and its heat source. The top temperature 77-4 is raised to the 
highest practicable limit, the addition of heat along the liquid 
line 6-7 is eliminated by the use of regenerative feedheating, and 
air preheaters are added to absorb the heat of combustion along 
line 3-12 formerly going into the liquid. The limiting condition 
for this cycle, i.e., the case with an infinite number of feedheating 
stages, is equivalent to the Carnot cycle 8-9-10-11, of Fig. 6. 
With stoker-fired plants it would be necessary to limit the air- 
preheat temperature to a value considerably below the initial 
vapor temperature. Regenerative feedheating also should stop 
at that temperature, and the best cycle then becomes 13-14- 
15-16-17 of Fig. 7. 

Except for the omission of superheat, this is the ordinary re- 
generative-feedheating cycle of conventional plants. With the 
omission of superheat, however, the cycle has the practical dis- 
advantage that the moisture content of the exhaust would be high 
enough to cause excessive erosion of the turbine blades. To 
overcome this difficulty, it is necessary to introduce some form of 
reheating; and, if no reduction in efficiency is permissible, the 
reheating must be regenerative. Consider the circuit of Fig. 8, 
which accomplishes this result. Saturated steam enters the 
turbine and expands to the limiting moisture content beyond 
which the turbine blades would suffer from erosion. The steam 
is then removed from the turbine, reheated by steam extracted 
from the next higher pressure stage, and returned for further 
expansion. When the limiting moisture content is again 
reached, the reheating process must be repeated, and so on to the 
exhaust. Steam is withdrawn at each of these reheat points for 
feedheating. With an infinite number of stages, this cycle also 
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becomes equivalent to the Carnot cycle of Fig. 6, and the ex- 
haust steam is dry and saturated. Thus, if the reheaters of Fig. 
8 or a substitute can be developed, the last barrier to practical 
application is removed, and the gap between basic-cycle ef- 
ficiency and the Carnot limit shown in Fig. 4 is eliminated. 

The discussion so far has considered only the use of steam 
as a working medium. Since the critical temperature of steam 
is considerably below the practicable operation limit of present 
materials, a working medium other than steam must be adopted 


turbine sections 


condenser 


Fig. 8 Crrcorr Diagram oF PracticaAL CYCLE WitH CarRNoT 
Erriciency LIMIT 


to obtain the full benefits from the foregoing cycle. Further, 
because of the long expansion and the consequent great difference 
between specific volume at the head and tail ends of a single-ex- 
pansion cycle, a binary expansion cycle might be necessary. 

Development of plants to operate on the cycles of Figs. 6 
and 7 with 1000 F top temperature would make possible the 
production of power at a coal pile to switchboard heat rate of 
about 9000 Btu per kwhr estimated from the ideal cycle heat rate 
of 5400 Btu per kwhr. Note that this heat rate is possible 
with processes that are all in present use. The only special fea- 
tures of this plant are an expanding medium other than steam 
and the unusual application of reheat. Since the heat source 
for reheat is extracted wet vapor instead of vapor at throttle 
pressure, the reheater may offer some difficulties in design. Hx- 
cepting these characteristics, a plant designed to operate on the 
cycle suggested would be much like present conventional plants 
using local reheat, regenerative feedheating, and air preheat. 
It would have the highest efficiency obtainable with the irreversi- 
ble combustion of coal and the irreversible transfer of the heat 
of combustion to a working medium, at a temperature that can 
be used with existing metals. 


CoNCLUSIONS 
The principal value of this paper is in the possible use of the 
results for estimating purposes. For example, Table 1 sum- 
marizes the data for several pressure-temperature-cycle condi- 


COMPUTED AND ACTUAL HEAT RATES FOR SEVERAL IMPORTANT CYCLES 


(Back Pressure in All Cases 1 In. Hg Abs) 


Throttle steam, -———Heat rates, Btu per kwhr 


deg F and lb per Computed Actual 
sq in. gage Plant Turbine Condenser plant 
700 F— 375 lb 14,150 10,720 7176 14,110° 
700 F— 400lb * 13,710 10,450 6876 i b 
750 F— 400 lb 13,260 10,070 6506 Regenerative with 
750 F— 650 lb 12,940 9,800 6236 b 
750 F— 650 lb 12,900 9,800 6236 
1000 F— 365 lb 12,780 9,650 6086 
750 F— 600 Ib 12,500 9,550 5986 12,560c 
750 F—1250 Ib 11,830 8,910 5346 12,7204 


@ Trenton Channel, 12 month average. % Crawford Avenue, units 5 and 6. 
d Gilbert, early operating results, which will undoubtedly be reduced. 


Cycle description 


Regenerative (three-stage extraction) 
Regenerative (three-stage extraction) 


air preheated by steam bled from turbine (four-stage extraction) 


Reheating by live steam (one stage of reheating) : 
Reheating by steam bled from turbine (one stage of reheating) 
Regenerative (three-stage extraction) / 

Reheating by boiler gases (one stage of reheating) 

Reheating by boiler gases (one stage of reheating) 


¢ Columbia, published results before renozzling turbines for greater capacity. 
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CYCLES A> RANKINE 
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CYCLE A,,REGENERATIVE—FEEDHEATING IN TWO STAGES 


STEAM MAIN 
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CYCLE A,» REGENERATIVE—FEEDHEATING IN FOUR STAGES 


STEAM MAIN 


Fig. 9 


CYCLE A', REGENERATIVE —FEEDHEATING IN FOUR STAGES 
WITH AIR PREHEAT BY BLED STEAM 
STEAM MAIN 


TO REHEATERS 
STEAM MAIN 


CYCLE B, BOILER ROOM REHEAT IN ONE STAGE 
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SY 
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CYCLE E,LOCAL REHEAT BY BLED STEAM IN ONE STAGE 
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tions, and compares them with actual-plant heat rates when 
available. 

However, some general conclusions regarding the advantages 
of different steam and cycle conditions can be made. For the 
present, the simplicity and the high thermal efficiency of the 
' regenerative-feedheating cycle make it the most promising for 
ordinary conditions. On the other hand, because of the tempt- 
ing heat-rate margin of reheating plants, it is not unlikely that 
more of these will be built, especially when a high use factor is 
possible. In any case the best overall results are obtained when 
using the highest practicable initial temperature. The initial 
pressure would then be limited by the maximum permissible 
moisture content of the exhaust. 

Among the cycles offering possibilities for future improvement 
the regenerative-feedheating cycle is again most promising. 
Without superheat, but with air preheat by the flue gas and feed- 
heating by bled steam up to or near the initial temperature, it 
would give the most favorable cycle heat rate obtainable 
from any engine subject to practical initial temperature restric- 
tions. 

Its maximum development is contingent on three items: adop- 
tion of a working medium other than steam, removal of condens- 
ing liquid from the expanding medium, and the use of a binary 
expansion cycle. A comparison of the heat rate obtainable from 
present plants with the heat rate obtainable with this cycle sug- 
gests that its development should be given thoughtful considera- 
tion now. 

This plant, however, does not represent the ultimate theoreti- 
cal possibility in lowered heat rates. Although, if ever attained, 
such a plant might be the best practical plant, the goal of power- 
plant development should be a basic-cycle heat rate of 3412 Btu 
per kwhr. Realization of this ideal heat rate requires two major 
changes in the heat cycle: First, the irreversible transfer of the 
heat of coal from the combustion gases to the vapor of the work- 
ing medium at a lower temperature must be replaced by a re- 
versible transfer; this would reduce the basic-cycle heat rate 
to about 4200 Btu per kwhr. Second, the irreversible liberation 
of the chemical energy in fuel also must be replaced by a re- 
versible process; this would give a basic-cycle heat rate of 3412 
Btu per kwhr. All processes would then be reversible, and the 
available energy of the fuel could be completely and continu- 
ously converted into mechanical work. Undoubtedly this last 
step would change the form of the plant completely, thereby in- 
troducing the possibility of many developments in the use of 
power which cannot even be pictured until the form of that ulti- 
mate plant becomes at least vaguely known. Admittedly such 
a plant is purely visionary, and discussion of it is probably of 
little immediate economic significance. Nevertheless, it is an 
enticing goal, which allows untold new uses of power. The re- 
port of progress during the next century may record some of 
these changes. 


ACKNOWLEDGMENT 


The authors wish to express their appreciation for the hearty 
cooperation of every one concerned with thé preparation of this 
paper. We are particularly indebted to Mr. J. W. Parker for 
material help in the development of this paper, to Dr. C. F. 
Hirshfeld for timely suggestions and helpful criticism, to Mr. 
Sabin Crocker for his kindly supervision of the work; to Mr. J. 
L. Bannoff for material help with the calculations; to Dr. A. 
DeSmaele, former’ Research Fellow at Cornell University, for 
his help with the work in its initial stages; to Professor B. 
Weaver for help in editing the text; to Mr. G. B. Warren, of the 
General Electric Company, for suggestions and data on turbine 
performance; to the General Electric Company and the West- 
inghouse Company for data on steam tables and turbine per- 


FSP-56-4 221 


formance; and to The Detroit Edison Company for making this 
study possible. 
Appendix | Nomenclature 


The following list of nomenclature used in this paper is appended 
for convenience: 


A = Combustion air, lb per lb coal burned 

D = Density of feedwater at the temperature in the boiler feed pump, 
lb per cu ft 

E = Exhaust loss, Btu per lb of exhaust steam 

Ey = Exhaust loss at maximum efficiency load, non-extracting, Btu per 
lb of exhaust steam 

E- = Exhaust loss chargeable at end-point of the computed expansion 
lines, Btu per lb of exhaust steam 

Et = Energy developed into mechanical work by a turbine with extrac- 


tion feedheating system but without evaporators, Btu per lb of 
throttle steam 
Ep = Energy developed into mechanical work by a turbine with extrac- 
tion feedheaters and an evaporator, Btu per lb of throttle steam 
= Individual-stage efficiency ratio, fraction 
ed = Dry-state individual-stage efficiency ratio, fraction 
= Bian flow to turbine throttle at maximum efficiency load, lb per 


r 
= Exhaust steam flow, lb per hr 
g = Acceleration of gravity, 32.16 ft per sec? 


ha Enthalpy (total heat) of combustion air, Btu per lb. (The term 
enthalpy here denotes the quantity ordinarily named ‘‘total 
heat’ or “heat content.’’ It may be defined ash = u + pv, 
where wu is the internal energy, p the pressure, and 7 the specific 
volume.) 

he = Enthalpy of exhaust steam, Btu per lb 

hfe = Enthalpy of main condensate, Btu per lb 

htm = Enthalpy of make-up water supply, Btu per lb 

hm =-Enthalpy of make-up vapor leaving evaporator, Btu per lb 

hr = Enthalpy of working steam entering one-stage reheater, Btu per lb 

hn = Enthalpy of working steam entering the first reheater in a two- 


stage reheat cycle, Btu per lb _ 
hr = Enthalpy of working steam entering the second reheater in a two- 
stage reheat cycle, Btu per lb 


hR = Enthalpy of working steam leaving one-stage reheater, Btu per lb 

hki = Enthalpy of working steam leaving the first reheater in a two-stage 
reheating cycle, Btu per lb 

hro = Enthalpy of working steam leaving the second reheater in a two- 
stage reheating cycle, Btu per lb 

he Enthalpy of steam entering turbine throttle, Btu per lb 


hyt = Enthalpy of condensate drains from live-steam reheaters, Btu per lb 
= Enthalpy of steam extracted to the highest pressure-stage feed- 
heater, Btu per lb 
he = Enthalpy of steam extracted to the highest-but-one pressure-stage 
feedheater, Btu per lb 
= Enthalpy of steam extracted to the highest-but-two pressure-stage 
feedheater, Btu per lb 
hs = Enthalpy of steam extracted to the highest-but-three pressure-stage 
feedheater, Btu per lb 
hpi, hy2, hys, and hys represent the enthalpy of the condensate drains from hi, 
2, hs, and hs, respectively, Btu per lb 
h’pi, h’s2, h’fs, and h’ss represent the enthalpy of water leaving the feedheaters, 
the temperatures being 5 F lower than those corresponding to 
hy, hye, hys, and hys, respectively 
hy Enthalpy of feedwater if different from h’j, Btu per lb 
hyge Latent heat at exhaust pressure, Btu per lb steam 
Hao, HA, HA2, HAs, HAs, HA’, HB, Hc, HD, and He are the heat rates 
with cycles Ao, Ai, A2, As, As, A’, B, C, D, and E, respectively, 
Btu per kwhr chargeable to the turbine 
H’ Ao, H’ A, H’ 42, H’ As, H’ As, H’ A’,H'B, H'c, H'p, and H’z are plant heat 
yates corresponding to the preceding turbine heat rates, Btu per 
whr 


> 
& 
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He = Heat to circulating water, Btu per kwhr 

J = Mechanical equivalent of heat, 778.6 ft-lb per Btu 

m = Make-up water, lb per lb of total feedwater 

ma = Combustion air, lb per lb steam generated 

met = Exhaust-steam flow for a turbine and feedheating system without 
evaporators, lb per lb steam supplied to the turbine 

mep = Exhaust-steam flow for a turbine and feedheating system with 


evaporators, lb per lb steam supplied to the turbine : 
mR = Ratio of low- to high-pressure throttle flow in a compound turbine 


MR Ratio of intermediate- to high-pressure throttle flow for triple- 
expansion turbines 

mR: = Ratio of low- to high-pressure throttle flow for triple-expansion 
turbines 

mr = Steam supplied from mains to a one-stage local reheater, lb per lb 
steam supplied to the turbine throttle 

mn = Steam supplied from the mains to the first reheater of a two-stage 
local reheat cycle, lb per lb steam supplied to the turbine throttle 

mr. = Steam supplied from mains to the second reheater of a two-stage 
reheat cycle, lb per lb of steam supplied to the turbine throttle 

mm = Steam extracted to the highest pressure-stage heater, lb per lb of 
steam supplied to the turbine throttle 

ms = Steam extracted to the second highest pressure-stage heater, lb per 
lb steam to the turbine 

ms = Steam extracted to the third highest pressure-stage heater, lb per 


lb steam to the turbine 
ms = Steam extracted to the lowest pressure-stage heater, lb per lb 
steam to the turbine 


n = Number of regenerative-feedheating stages ; 

Pf = Boiler-feed pump discharge pressure, lb per sq in. j 
Pi = Steam pressure before first turbine stage nozzles, lb per sq in. 
Pa = Auxiliary power, ratio to total generated 

Po = Power to boiler auxiliaries, ratio to total generated 

Pe = Power to circulators, ratio to total generated 

Pp = Power to boiler-feed pump, ratio to total generated 

qd = Steam quality, fraction : , ; 

de = Steam quality at end-point of expansion lines, fraction 
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s = Entropy of steam, Btu per lb per deg F 

Sc = Steam generated, lb per lb coal 

Ty = Absolute temperature, F 

u = Velocity of last turbine wheel blades measured on the pitch circle, 
ft per sec 

r = Absolute velocity of steam leaving last turbine wheel (see Fig. 3), 
ft per sec 

vr = Relative velocity of steam leaving last turbine wheel (see Fig. 3), 
ft per sec 

Po = Axial component of exhaust-steam velocity, ft per sec. 

m1 = Exhaust-steam velocity at M# load ft per sec (assumed axial) 

Ve = Volume of steam leaving the last turbine wheel, cu ft per kwhr 

De = Specific volume of steam leaving the last turbine wheel, cu ft per 
lb of steam 

Ww = Turbine throttle steam rate, lb per kwhr 

We = Condenser-steam rate for any cycle, lb per kwhr 

Wao = Turbine-steam rate for cycle Ao, lb per kwhr 

Wa: = Turbine-steam rate for cycle Ai, lb per kwhr 

Wa: = Turbine-steam rate for cycle A2, lb per kwhr 

Was = Turbine-steam rate for cycle As, lb per kwhr 

Was = Turbine-steam rate for cycle As, lb per kwhr 

Wa’ = Turbine-steam rate for cycle A’, lb per kwhr 

We = Turbine-steam rate for cycle B, lb per kwhr 

Wc = Turbine-steam rate for cycle C, lb per kwhr 

Wp = Turbine-steam rate for cycle D, lb per kwhr 

We = Turbine-steam rate for cycle Z, lb per kwhr 


Other items of nomenclature are used only where locally explained. 


Appendix II Formulas 


The following is a listing of all formulas used: 


(1) Slope of expansion lines at any point on the enthalpy-entropy diagram: 


dsJe 


(2) Entropy increment for a 
‘‘Reheat Factors,’ by 
1928, pp. 155-156): 


finite interval on an expansion line (see 
E. L. Rebineon, Mechanical Engineering, February, 


Asa Setar loge Pyrite tse esse eees [2] 
(3) Expansion efficiency in the wet-steam region: 
Gi FE) DOM sc ahiki vais Muenifaerayece cin oealeeete cunt siawinte (3] 
_ (4) and (5) Exhaust loss chargeable at end-point of computed expansion 
ines: 
Ec = 1.1 geea EH, Btu per lb steam................ [4] 
= deed {B [% li atc ar i—F]} at eae [5] 
(6) Power used by cae pumps 
Po= eas a a5 kw per grossacwa.. o> ces weer {6} 
(7) Power used by boiler auxiliaries: 
PS = (2:0 XK LOSS Hekwy, perigross, we eee [7] 
(8) Power used by circulators: 
Pc = 1.343 X 10-§ X We(he — hye) kw per gross kw........ (8] 
(9) Total auxiliary-power consumption: 
Pa = Pp + Ps + Pe + 0.005 kw per gross kw......... (9) 
(10) Loss of useful work by addition of evaporators: 
Et— Ep = (met — mep) (he — hye) + m(hy — hym) ....-.. {10] 
(11) Steam rate for cycle An: 


H An 


Vin = ———_—_— 
an (hi— h’fi) An 


Ib per dewbEi. beni Sued Ge {11} 


(12) Steam rate for cycle A’: 
; HA’ 
Wal = —-————___ ............... 2 
4 (he = WA mea f2] 
(13) Steam rate for cycle B: 
HB 
WeR= E 
B hi hin meee ibsperikwhr ....2.... [13] 
(14) Steam rate for cycle C: 
Hc 
Wo = G55, lb per kwhr ...... {14] 
(15) Steam rate for cycle D: 
HD 
Wp = -~————— lb perkwhr .............. 
ies ine Tr lb per kwhr [15] 
(16) Steam rate for cycle H: 
HE 
We = ————_ WU Eide Wel omehas a eve eet «cl eaPeircny 
E Gi: — ae lb per kwhr {16} 
(17) Heat rejected to the circulating water: 
He = H — 3564 Btu per kwhr................ (17] 
(18) Volume of exhaust steam: 
Ve = Hete + hfge cu ft per kwhr............,.. {18} 


a 
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(19) Total steam bled, cycle 41, with evaporators: 
(Gis Mep) Al 
1 , 
= RS Ap (A +) (i = Bye) + mim — Iym)] 19] 
(20) Total steam bled, cycle A2, with evaporators: 
a— Mep) A2 = : he 
ho hye (hye h’f2) hi hy 
x [: {a + m) (hpi — h’p.) + mlhm — bpm — (hy — wed} hs — hn 
hi — hp 
Wie , hi San. he 
+ hip — hye — m {him — hye — (ha —h'pd) } =i ee [20] 
(21) Total steam bled, cycle As, with evaporators: 
(1 — mep)A3 = =H 
3 
hs — hfe — (hrs — h’ss) oe =r 
ao bok he — hy ha — Aye 
x {La +m) Win — Ma) + min — rym) | B= = 
+ [+m Qin — hip) — mim = he + ys — wp) | pe 
h 
+ hips —Iye— m [ha — hye — Gps — hs) t= ]} aay. 21] 


(22) Total steam bled, cycle As, with evaporators: 


al 
hs — hfe — (hjs 


(1 — Mep) As = 


— hs 
* — hfs 


x {La +m Wah) + mim —ivm) | FE 


hss) 
ho — hy ha — hye hg — 
1 — hy: he — hyn hs — hy, 


| hs — hye hs — hys 
4h he — hye ha — hys 


[a +m) (h'j2 — hiya) + m(he 


; ,, , hs hys 
= [a + m) (h’ys — h’fs) m(hys W's) | Ake 
+ h’ts— hfe — m [ — hfe — (hys — h’ys) m | } cpcieie VES [22] 
(23) Total steam bled, cycle A’ with evaporators, computed from cycle 
ma Aha 
— a 2 
Se) ANS Tye an (Ne 
(24) Total steam bled, cycle B, without evaporators: 
qa — met)B = 1 — 
1 , , ed 
1— (h’ys h yi) Sar h'ss — hfe 
hs—h (h, yA bee) 
Liga Laie 
hr — h’js — (hy2 — h’p2) h’f2 — hfe 
hr — hy hi — hpi 
3 ee [24] 
(25) Total bled steam, cycle C, without evaporators: 
us as pe MG Ax) (1 Bi) C1) ‘ 
(1 — met)c = 1 i] i.e eae [25] 
(26) Where: 
hr — hr mr 
A= = |--————_— [_..... 2 
he — Age + eh ee + ale Be 
(27): 
eee Ny , Sahn 
hips be — a —hp my: + me ‘ 
B= ey ee a Pad coe [27] 
, T aa 
hr hyo (hye h’s2) sa a 
(28): 
Mice On — he 
ae fa fe Ss SA, ia ZiKe s awh, Sas 
—he LIL —m — (m + m) 
a , eS —s , eux NEES. | 
hs — h'ps — (hyps — h’sa) * =r 
sess [28] 
(29) Total bled steam, cycle D, without evaporators: 
hR2 — hn 
i = ets 
( Met)D = MR2 7 


(h' ft — h’e) (hr2 — hy) + (h’y2 — h’ss) (hi — hy) 
(hr — hp) (hre — hfe) + (hp — hye) (hee — Ap) 
(h’ys — h'ys) (ha — hys) + (hys — hye) (hs — hys) 
(hs — hys) (ha — hye) — (hy — W's) (hs — hs) | ert = — =m) 


(30) Where: 
1 PAR — hn h’jr — h’po 
eas Deck. Bis WLS GARE 
hp — hye L, Ch’ — hi'p2) (rz — hp) + (h's2 — h’ss) (hi — hyn) [30] 
An — Ap (hn hpi) (hr2 hr) (an hys) (hra ha) i 


(31) 
MR: = 1 [he — here hRe — hro 
* Da Lhe ht ht — hrt 
(h's1 — h'so) (hr2 — hf2) + (h’s2 — h’ss) (hi — hp) (31] 
(in — hp) (irs — hfs) — (i — hf) ten —= an) 
% (32): 
dp, = Moe + he — hn hm hn Pha hip 
oe lif he — hyt hri — hpi 


hy — hye (h'ps — h’p2) rg — hr) + (h’p2 — h’ys) (ari — hr) 

hn — hpi (an hn) (hrs hyo) (hy. hyo) (hr2 — hpi) 

; [™ — hyt + hr — hyo (hpi — h'r2) (Aro — hy) + (h’p2 — h’yps) (ari — Apr) 
q 


ht — hyt (hri — hr) (hre — hy2) — (hpi — hye) (hr2 — hyr) 
er [32] 


(33) Total steam bled, cycle EZ, without evaporators: 


(1 el) w= (As + Bs = Cs) Ds. . eid cies ines [33] 
(34) Where: 
h’'p: — h'fo2 he hy h'j2 — h’js 
As = SO 4+ o.oo ee. 
: hi — hp ho — hypo ho — hfe ea 
(35): 
h'ts — h'ss h'ts — hfe ha — hys 
By = 2 4 a ...... ee ee ee es 
9 hs — hye hs — hys ha — hfe [35] 
y (36): 
_ fphe— hii hb — hyp h'1 — h’27] he — hp h’2 — hs 
es ht — hft hi — hp hi — hp J he — hye v= 
, 
} (37): 
Die hys — h'js hs — hs hisenbpehssahis OV [37] 


hs — hf2 hs — hys hs — hys ha — hfe 


A ) Formulas for the change in total steam bled with cycles A1, As, As, 

and A, follow readily from Equations [19], [20], [21], and [22], re- 
spectively, by rewriting each of these equations with m = 0 and sub- 
tracting. The resulting equations follow: 


(38) Increase in bled steam by the addition of evaporators, cycle A1: 
x [wn ian vm | 
AGS [38] 


(39) Increase in bled steam by the addition of evaporators, cycle A»: 


m 
hi — hfe — (hpi — hi’) 


(met — Mep) AL = 


m 


(met — mep) Ar = ert 
he — hfe — (hy2— h'y2) = 
ee -, he — hp ee Pe i he 
[ wn hyo + hm — hym) ea + hm — lye — (hgz — h’p2) in — hy ] 


Neate [39] 
(40) Increase in bled steam by the addition of evaporators, cycle As: 


™ 


hs — hfe — (hfs — h’fs) 


(met — Mep) As = =a x 


ho — hye 


ho — hpi hs — ho 
, = t as Pee PPE ES ox Ly ich SL , = = , == 
[ Gen = hye + hm — hrm) BB BOE + (hi — Wye + hs — hm 
tea hs — hye om / 8 (eS =] 
+ h’fs hys) eae + hs hye (hys h’fs) esd Ronee [40] 


(41) Increase in bled steam by the addition of evaporators, cycle As: 


mm 


(met Mep) As = x 


ne ee 
j hs hye (hts — h'ys) hee 


ho — hyp ha — ho hs — hys 
hi — hyp ho — hyo hs — hys 


Pd 


[ wn — h’j2 + hm — hym) 


es eae, hs — hy2 hs — hys : yn aa Bs 
1 ES era a ey YALU ea As Pea 7 
gis WES 
+ ha —hye— (hyn — b's) = al ae [41] 
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Discussion 


M. G. 8. Swatztow.’ While the contents of the paper and, in 
particular, the graphical presentation of the turbine and plant 
heat rates given in the Appendix for the various cycles considered 
are of considerable interest for purposes of comparison among 
themselves, there are certain points which need to be cleared up 
if these results are to be comparable with those obtained in 
plants which do not exactly conform to those considered in the 
paper. The curves giving the turbine heat rates would seem to 
be of more value than those giving the plant heat rates, as the 
latter from their very nature must be based on assumptions such 
as load factor, variation in turbine efficiency when the load is 
different from the economic rating, power consumption of auxilia- 
ries, boiler-house efficiencies, etc., which factors vary consider- 
ably in different cases. It is not clear from the paper whether 
the alternator efficiency has been included in the turbine heat 
rate, and in order to enable the comparison of the authors’ 
curves with other figures to be made, the alternator efficiency 
which has been used would be of interest. 

In the section on the variations of the kinetic energy of the 
exhaust, the authors state that allowances for exhaust losses have 
been made on the basis that the turbine is designed for the opti- 
mum pressure distribution and the most economic exhaust area 
when operating without extraction. They then calculate the 
exhaust losses, taking into account the amount of steam ex- 
tracted. While the reduction in turbine efficiency under the 
normal condition of extraction may not seriously be reduced by 
proportioning the blading for operation without extraction when 
the feed temperature is low and the amount of steam extracted 
therefore small, for plants with four-stage feed heating and a 
final temperature of 350 F the amount of steam passing to the 
condenser will be some 15 per cent less when operating extracting, 
and the resultant loss in efficiency due to a less favorable pressure 
distribution along the blading may well reach the value of 1 per 
cent. Inthe consideration of those cycles where additional steam 
is bled off for air preheaters, evaporators, or steam reheaters, 
this discrepancy obviously becomes greater. A comparison has 
been made between a 48,000-kw economic rating two-cylinder 
1500-rpm turbine operating with steam at a pressure of 600 Ib 
per sq in. gage and temperature of 800 F, exhausting to a vacuum 
of 1 in. Hg. abs, for which the design data were available, and the 
corresponding figures from the curves given in Fig. 17 of the 
paper. The turbine is of the impulse-reaction type having a 
single two-row impulse wheel with nozzle governing at the high- 
pressure end, the rest of the blading being of the reaction type. 


8 Director, Richardsons, Westgarth & Co., Ltd., Hartlepool En- 
gine Works, Hartlepool, England. 
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On a basis of four feedheaters with a final feed temperature of 
356 F, the heat consumption at the economic rating with an alter- 
nator efficiency of 97.71 per cent would be 9630 Btu per kwhr. 
From Fig. 11 the optimum feedwater temperature would be 375 
F, and the correction to be applied to the curves in Fig. 17 for 
the lower feed temperature of 356 F would be about 0.1 per cent. 
Fig. 17 gives the turbine heat rate as 9800 Btu per kwhr, which 
with the correction would give 9810 Btu per kwhr. This is 
about 1.85 per cent higher than that of the design of turbine on 
which the lower figure is based. If the alternator efficiency is 
not included in the curves given in the paper, this difference be- 
comes about 4.15 per cent. 

It is unfortunate that for only three out of eight examples 
given in Table 1 actual plant efficiencies are available for compari- 
son with the computed rates. It would be interesting to know 
the actual turbine heat rates for those cycles and conditions 
which are based on existing stations. 

In the consideration of eyele C with boiler-room reheat, the 
losses in the reheater and auxiliary pipe work must vary consid- 
erably with the relative position of turbine and boiler plant, and 
to some extent with the pressure at which reheating is carried 
out. Additional pressure losses are entailed in the provision of 
cut-off valves on the low-pressure cylinder to prevent the turbine 
from running away after the main steam valve is closed owing to 
the large volume of steam contained in the reheater and its pipe 
work. These factors have a considerable influence on the frac- 
tion of the theoretical reduction in heat consumption consequent 
upon an introduction of reheating which is actually obtained in 
practise, and the question must be carefully investigated with 
due regard to the local conditions prevailing before reheating 
can be adopted as an economic gain. In any case, as the authors 
point out, the load factor is of great importance in estimating the 
practical economy resulting from the use of reheating plant. The 
comparison of a number of cases of actual turbine heat rates 
with those computed from the results given in the paper for the 
relevant conditions would go far toward increasing confidence 
in the applicability of the turbine-heat-rate curves to actual prac- 
tise. 


AvutTHoRsS’ CLosuRE 


Mr. Swallow’s discussion brings out several points of interest 
that might have been more fully covered in the text. 

Of these the alternator efficiency used certainly should have 
been stated clearly, and the authors offer an apology for this 
omission. The turbine heat rates given contain an allowance for 
an alternator efficiency of 96.5 per cent. In addition, losses in the 
turbine bearings, oil pumps, and other constant sources are ac- 
counted for. This is the origin of the figure of 3564 Btu per kwhr 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


in Equation [17]. At rated load the turbine wheels develop 
3564 Btu of work for every kwhr of net alternator output, for all 
cycles considered. Of this amount 152 Btu per kwhr make up 
the 3.5 per cent generator loss and the constant losses in the tur- 
bine. These figures were fixed with particular regard to a 
50,000-kw, 1200-rpm, single-cylinder turbine. If the study were 
being repeated now, an alternator efficiency of 97 per cent or 
slightly greater would be used. 

It is very interesting to have the figure of 1 per cent as the 
probable decrease in turbine efficiency when 15 per cent of the 
total throttle steam is bled from the turbine. While a change of 
this magnitude is possible at some loads, computations by the 
authors using diagram efficiencies indicate that at maximum 
efficiency load considered in the paper the effect of bleeding is 
very much less, or about 0.1 per cent. Some exact data on this 
point, using actual instead of diagram efficiencies, are needed from 
the turbine manufacturers. Whatever may be the magnitude 
of this effect, it is not included in the tabulated errors. 

The comparison with the data for a 48,000-kw, 1500-rpm, two- 
cylinder turbine at 600 Ib and 800 F brings out in a most oppor- 
tune way the point illustrated in Fig. 1 and discussed in the text 
in connection with the question of compounding (see section 
Accuracy of Results). At 600 lb and 800 F, either a single- or 
two-cylinder turbine might conceivably be used. The results 
given in the paper do not distinguish between these two turbines. 
It is expected by the authors that a two-cylinder turbine would 
be better than the data presented for this region, and a single- 
cylinder turbine would be poorer. 

In this connection, and regarding also the tables of comparisons 
with actual plants in the concluding section of the text, many such 
comparisons have been made with about the same agreement as 
that cited by Mr. Swallow. When allowance is made for the 
difference between his 97.71 per cent alternator efficiency and 
the 96.5 per cent used in the paper, the turbine results are checked 
within 60 Btu per kwhr, or 0.6 per cent. The authors regret their 
inability to give more such comparisons which are authentic. 
Those given in the table are restricted to particularly interesting 
conditions for which reliable data have been published recently. 

Prof. F. O. Ellenwood writes to condemn the use of the term 
“heat-cycles” in the title and at other points in the paper. It 
must be admitted that for exactness in terminology “‘heat- 
utilization eycles’’ would have been a better choice. 

It is regretted that other communicated discussions arrived 
too late to be included in the final printing. A discussion by 
Dr. A. DeSmaele, in particular, contains many points of inter- 
est which could not be put into the space available. 

The authors take this opportunity to thank all discussors 
for their interest in the paper. 
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Problems of Modern Pump and Turbine 


Design 


By WILHELM SPANNHAKE,! NEWTON CENTER, MASS. 


This is a general review of the present status of design 


' principles which apply equally to centrifugal pumps and 


‘hydraulic turbines. The author first develops step by 
step the fundamental ideas underlying the theoretical 
behavior of a runner having an infinitely large number of 
thin blades which guide the fluid perfectly. The resem- 


_ blance between the blading ordinarily used and the wing 


of an airplane has led to analysis on the basis that each 
The author points out the many 


taking as a starting point the theoretically perfect runner. 
By decreasing the number of blades first from infinity toa 
finite but very large number, he analyzes the forces and 
influences that are at work. Although he does not claim 
to have arrived at a final solution, he demonstrates the 
play of one effect upon another, and suggests that further 
’ experimentation should assist in making proper allow- 
ances for the uncertainties not subject to strict analysis 
and which become more and more important as the num- 


HE design of turbines and pumps 

has been developed extensively dur- 

ing the last 15 years. Possibly the 
progress in turbine design has had more 
recognition because the problems connected 
with the building of hydraulic turbines are 
more commonly appreciated. Pumps are 
usually of comparatively small capacity, 
and serve purposes which do not appeal 
so readily to the popular imagination, 
whereas the conditions for which turbines 
are designed are more exacting and vary 
widely from one installation to another. In many eases special 


effort must be taken to fulfil the requirements of the particular in- 


stallation, in order to adapt the design to the given specifications 
for head and discharge, together with the desire of the customer 
regarding speed. On the other hand, pumps are often manufac- 
tured for stock, as a design once developed may be readily 


adapted to meet special requirements. 


It should be stated that to the present time both branches 


_ have progressed hand in hand, and are together benefiting by the 


1 Visiting Professor of Hydraulics, Massachusetts Institute of 
Technology. Professor Spannhake was born in 1881 in Germany. 
He had nine years of high school (Humanistisches Gymnasium) at 
Cologne and Mannheim, and four years at the Technische Hoch- 
schule, Miinich, graduating in 1904 with the degree of Diplom- 
ingenieur. He was designing and chief engineer at the Vulcan-Werke, 
Hamburg and Stettin, until 1920; after that chief engineer of the tur- 
bine works of Fritz Neumeyer A.G., Miinich (combined with Brieg- 
Since 1921 he has been Professor of Hy- 
draulic Engineering at the Technische Hochschule, Karlsruhe, 
Baden, Germany, and from September to April of 1931-1932 and 


_ 1932-1933 visiting professor of hydraulics at the Massachusetts 


Institute of Technology. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 5 to 9, 1932, of Tu 
AMERICAN SocieTy oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 


_ understood as individual expressions of their authors, and not those 
_ of the Society. 


ber of blades is reduced. The final section deals with the 
best conditions for the design of high-speed runners. 
The influence of the principal figures of layout upon which 
both efficiency and cavitation are dependent are discussed, 
and complete curves for efficiency and cavitation coefficient 
are given for three different specific speeds. This speed is 
defined by the same figure for pumps and turbines. He 
feels that both theories in spite of their defects can be used 
to advantage as experimental knowledge is progressively 
increased, and demonstrates that mathematics will throw 
light on a number of vital problems dealing particularly 
with efficiency and cavitation. He suggests for considera- 
tion a special type of profile, and expresses the hope that 
by combining the laboratory with theory, it will be pos- 
sible to realize improvements in existing equipment, and 
finally to build up a strict method for pump and tur- 
bine design meeting properly and satisfactorily all of the 
requirements for high specific speed and small number of 


blades. 


achievements of modern hydrodynamics. Although modern 
theoretical and experimental methods, or rather the ideas upon 
which these methods are based, are successfully used in the de- 
sign of both high- and low-head machinery, it is in the low-head 
design that these are most important. Furthermore, it is true 
that practical ability backed by engineering judgment must still 
take the place of strict mathematical rules and formulas. 

For this reason there are as yet many unsolved problems, but. 
in the field of turbines in general these appear to be most critical 
for low-head machines operating at high specific speeds. It is 
the purpose of this paper to discuss these questions without claim- 
ing to give exact and final solutions, but attempting to point out 
the essence of the problems, and to show in which directions the 
answers may possibly be found. 

In order to have a general background for this discussion, an 
understanding of the turbine principle is necessary. 


1 Tue Tursine PRINcIPLE—FUNDAMENTAL EQUATIONS 


Fig. 1 shows a sectional elevation of a vertical runner which 
could be used either as a turbine or as a pump—.e., to transform 
energy of flowing water to mechanical energy or vice versa. The 
efficiency as one or the other depends primarily upon the shape 
of the blades, but in principle it is possible to use the same 
blading for either. It will be seen that there are guide vanes 
above and outside the runner, whereas in the throat below the 
runner no means of guiding the water is used. 

The arrangement shown is quite usual for turbines, and for 
pumps it is used frequently. As far as an analysis of conditions 
is concerned, it makes no difference whether the flow, approaching 
or leaving, passes through a scroll case or an’open flume, or any 
other type of passage. Fig. 1 shows, therefore, only the guide 
apparatus and the runner. 

According to the theory of conservation of momentum, a 
torque will be produced in the shaft providing the runner changes 
the “moment of whirl” of the fluid. One of the fundamental 
principles of mechanics is that force of impact or reaction in 
pounds is equal to weight per second, which is equal to the dis- 


225 


226 


charge Q in cubic feet per second, times the weight per cubic 
foot y, times the change in velocity, divided by the acceleration 
of gravity. It follows, therefore, that if the tangential compo- 
nent of velocity vtang is substituted for velocity, and force may 
be multiplied by the radius to give torque in pounds perpendicular 
feet, this fundamental. law may be expressed by the following 
equation: 


T = TS Gas r)o — (Vtang ni CIC ORL OKNOL (1) 


The torque is therefore proportional to the amount of water 
flowing and to the change produced by the blading in the moment 
of the whirl, the subscripts » and ; indicating the conditions after 


q 


Wits 


SS ——f Et 


Fie. 1 Srorronan ELEVATION oF A Hicu-Sprep Pump or TURBINE 


and before passing the runner, respectively. From this it fol- 
lows that it is essential for a pump or turbine to produce in the 
whirl an alteration, which is termed the ‘deflecting effect.” 

It will be appreciated that to have torque it is not necessary 
that the runner should revolve, as a runner blocked in a sta- 
tionary position would exert a twist in the shaft even though it 
acted on the water passing through it simply as a set of guide 
vanes. When the shaft does rotate, then mechanical work 
either has to be furnished from some outside source, such as a 
motor, or else has to be absorbed in driving some other machine, 
such as an electrical generator. 

In order to be consistent in the use of signs, torque will be con- 
sidered positive when the outside force acts in the direction that 
the runner is turning, since in the case of a pump the moment 
of whirl at exit then exceeds that at entrance, giving the right- 
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hand term of the foregoing formula a positive value. On the 
other hand, the torque for a turbine will be considered negative 
as the moment of whirl is reduced by the delivery of energy to the 
outside. 

It should be mentioned in regard to the use of symbols that in 
order to avoid duplication it may be necessary to depart some- 
what from the accepted standard both in America and abroad: 
v will be used for absolute velocity, thus avoiding the c, which is 
regularly used abroad, because to the American mind this letter 
is generally reserved to signify a constant. In order to make the 
formulas more graphic, the components are denoted by the 
subscripts tang for tangential, ax for axial, raa for radial, and peri for 
peripheral, etc., rather than to use arbitrary subscripts which 
are not easily remembered by the reader. Subscript 1 will de- 
note the conditions at the beginning or entrance to the runner, 
2 at the end or exit, and o the conditions for approaching flow in 
the case of a stationary blade. 

The next step is to multiply both sides of Equation [1] by 
angular velocity w and derive as equation for the power HP: 


yp . 22 . We | (a plete nit ae [2] 


~ 550 550g 

In exchange for the work done per second, there must be in the 
case of a pump an increase in specific energy of the flow, but a 
corresponding decrease in the case of a turbine. The specific 
energy may be measured in terms of a manometer column of 
height H according to the definition H = p/y + h + v?/2g, 
which means that the energy per unit of weight is equal to the 
sum of the potential and kinetic energy, p being the pressure 
exerted in pounds per square foot, y the density, or specific 
weight in pounds per cubic foot, h is the elevation of the point 
where the pressure is measured, and v?/2g the velocity head. If 
we designate the specific energy of the flow at entrance to the 
runner by H, and that leaving the runner by H2 and assume for 
the present no losses, then the power, expressed by Equation 
[2], is also equal to: ‘ 


which simply states the familiar expression that power is equal 
to the weight of water falling or raised, times the head. 

By combining [2] and [3], we get the fundamental equation 
of the turbine theory for ideal conditions: 


Hy -o A, Lo : ‘ (Vtang r)o a (Vtang r)y \ es me snare [4] 


Now by taking » into the parentheses and combining with 
re and 7; to give uw, and w, the velocities of the runner at entrance 
and exit, we have 


Hp = A, i (Vtang 2 U2 — UVtang1 u)/g ayaa «totaal afenthe [5] 


In the ideal turbine or pump, in which no losses occur, He 
minus H, is equal to the total or gross head. Actually, account 
must be taken of the head losses. To do so makes [5] become: 


A,— My, a (Vtang 2 U2 — Vtang 1 W)/g — Hy J'8 et Sisae Sree [6] 


where H; represents the losses expressed in terms of head. 
Keeping in mind the convention in regard to signs, it follows 
that in the case of pumps (H: — H)) is positive; that is to say, 
there is a positive increase in the energy of flow. In the case of 
turbines it is negative, as there is a decrease of energy which is 
transformed into mechanical energy delivered to the shaft. In 
the case of pumps the power supplied must always be greater — 
than the power delivered to the water on account of the losses, 
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whereas in the case of turbines the conditions are reversed. To 
adopt a shorthand expression for that head which regardless of 
leakage losses, bearing losses, and disk friction corresponds to 
the torque absorbed or developed by the shaft and referred to in 
this paper as the net or effective head, we set H, — H, + Hy = 
AH. Making this substitution, we arrive at the equation 


AH = (tang 2 U2 — Vtang 1 u)/g Olt Ais aaiere (7] 


which is fundamental to the design of turbines and pumps. 


2 Discussion AND APPLICATION OF THE FUNDAMENTAL 
FORMULA 


The values of vtang in Equation [7] are to be considered as 
averages with respect to time and space existing in the free 
passages of the turbine or pump, before or after, or even between 
the blades. The initial whirl moment (vtang7): in a turbine is 
created by the discharge through the guide vanes, and is deter- 
mined by their angles and opening, whereas the final whirl 
moment (%ang7)2 is governed essentially by the discharge, the 
angles of the blades, and also the cross-sectional area and speed 
of the runner at its outlet. Fluctuations in smooth flow are 
caused by the interference of the runner blades and the guide 
vanes, but these may be neglected, at least for the present, even 


'. though it has been shown that they can create vibration if con- 


ditions are proper.(1)? These whirl moments vary also from 
place to place, because it is necessary to have a finite number of 
blades, and it is just for this reason that there are many diffi- 
culties in determining exactly the amount of deflecting effect 
exerted by any system of blading upon the flow. 

In the development of the elementary theory, this difficulty 
was avoided by assuming the number of blades to be infinitely 
high and the blades themselves to be infinitesimally thin. Thus 
the fluid when passing through the system is guided exactly by 
the blade surfaces, and so the angles of relative discharge with 
respect to the blades may be taken as equal to the blade angles. 
In addition, a uniform exchange of energy is assumed for all 
layers or filaments of flow. This is equivalent to the assumption 
of a constant value of (vang7) in all passages where no blades or 
vanes, or other devices such as the scroll case, influence the flow, 
an assumption which is only true for ideal conditions. 

Now in order to apply formula [7] in adopting a proper design, 
it is necessary to select from all possible values of whirl moment 
those which promise to be conducive to best efficiency. In the 
case of pumps there are, as a rule, no guiding devices such as 
vanes or scroll cases ahead of the runners, and therefore the ini- 
_tial whirl is generally taken as zero. In other words, the flow 
is assumed to approach the runner with purely axial or radial 
motion, or a combination of both. 

From this it follows that A:2H is equal to w/g(vtang7)2. 

On the other hand, turbines are usually designed to secure an 
axial discharge from the runner. Hence, in this case, the (vtang7)2 
is equal to zero, and A;?H is equal to w/g (vtang7)1. The meaning 
of this is that, for both turbines and pumps as ordinarily designed, 
the difference in energy between outlet and entrance, which is 
proportional to the effective head, is dependent upon the value 
of the moment of whirl in the transitional passage between the 
runner and the guide apparatus, and also upon the angular ve- 
locity of the runner. 

A given value of (vtang7) may be made up of a large viang and a 
small r, or vice versa, and consequently different designs can be 
derived for definite specific speeds. To compare these ideas 
with American practise, let us rewrite formula [7] in the form 
AYH = wvtang/g, wand tang referring to the conditions at the 


2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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entrance of the turbine or the outlet of the pump. Introducing 
now a ratio m = Mtang/U, which is a characteristic of the velocity 
diagram, and by substituting mw for vtang, we then have A\?H = 
mu?/g. 

Furthermore, in American practise it is common to use the 
coefficient ¢, which is the ratio between the peripheral speed of 
the runner and spouting velocity corresponding to the head, 
which, neglecting losses for the present, may be expressed ¢ = 


u/ V 29 Ai?H. 


Still assuming that there are no losses, u = Fa VA 29 A\?H. 
Squaring, we have uw? = ¢?2gA,?H. Transposing, AZH = 
u?/2g¢?, which, as shown, is also equal to mu?/g. By canceling 


1 } 1 
u? and g, m becomes equal to — and ¢ = @/—- Bothmand 
2¢? 2m 


¢ are characteristic of the velocity diagram, and their special sig- 
nificance will be shown later. 


3 Mopern Point or Virw REGARDING THE l'UNDAMENTAL 
FORMULA 


Modern high-speed runners must be designed with but a few 
blades which are not excessively long, as otherwise the high rela- 
tive velocities would cause too high skin friction and the effi- 
ciency would be impaired. Therefore, it cannot be assumed that 
blades can be made to guide each filament of flow exactly, or 
that the values of viangr can be computed exactly from the dis- 
charge, the speed, the cross-section, and the blade angles. 


N 
. “N 
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Fie. 2 Cone CC’ or Fia. 1 DreveLoprep 
(Showing blade profiles and relative stream lines for a pump and turbine.) 


In this connection it is very important to bear in mind that 
modern turbine blades operate with a considerable difference in 
pressure between their two surfaces. This difference may be 
termed the “blade differential pressure” and will be designated by 
Ap. To understand its significance, the expression for torque 
should be derived in another way. Fig. 2 is the development of a 
cone intersecting the blading along the line CC’. Two usual 
shapes for the blades are shown, the direction of rotation being 
the same for both. The circle PP’ corresponds to the point P 
in Fig. 1, located in the horizontally cross-hatched area A, which 
is a circular projection of the blade against a radial plane. It is 
evident that the torque of the shaft is equal to the unbalanced 
force caused by the effect of Ap. As a first approximation let 
it be assumed that this is uniformly distributed, in which case 
the torque is equal to the projected area, Ap, in Fig. 1 times 
the unbalanced pressure Ap, times the radius rc, again multi- 
plied by the number of blades z. This may be expressed by 


WwW 
T= ApA To 2 = ri (Vtang 2 72 — UVtang 1 71) Pena (8] 


all losses such as leakage, disk, and bearing friction being neg- 
lected. 

It is possible by the use of this simple expression to compute 
the average blade pressure, although this is but an average with 
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no way of telling how it is distributed or divided between the 
push on one surface and the pull on the other. Two facts are 
obvious from Fig. 2: 

(1) As the flow lines approach the leading edge of the blade, 
they are inclined away from the high-pressure side and bend 
toward the region of lower pressure. A corresponding effect is 
present at the trailing edge, and so it follows that the blades must 
be curved more than would be required to satisfy the average 
deflection as computed from application of the fundamental 
formula [7]. This fact, however, does not affect the validity of 
the elementary theory which assumes an infinite number of 
blades and perfect guiding of the stream. 

(2) Along any concentric circle the pressure varies system- 
atically from one side of one blade to the adjacent side of the 
next. Referring to the average pressure as computed from the 
elementary assumptions as zero, the pressure at one end of the 
distance separating two adjacent blades is minus and plus at the 
other, in much the same manner as indicated in Fig. 3. 

This is all well illustrated by comparing Fig. 2, which shows the 
relative stream lines through the blade system, and emphasizes 
the fact that the average deflection is smaller than the curvature 
of the blades, with Fig. 3, which shows the corresponding pressure 
distribution with varying pressure from the leading surface of 
one blade to the trailing surface of the other. Also in Fig. 3 there 
is plotted the relative velocities w, which are greater in the regions 
where the pressure is lower and vice versa. 

Figs. 2 and 3 represent the conditions on the average surface 
of revolution DD’ along which lies the paths of the filaments of 
flow and to which the cone CC’ is tangential. It has been as- 


relative velocity 


(a) Pump (b) Turbine 


Fic. 3 PressuRE AND RELATIVE VELOCITY DISTRIBUTION FOR 


BLaDING SHOWN IN Fie. 2 


sumed that this surface of revolution can be replaced by the cone 
for the purpose of illustrating the conditions as existing in the 
flow. On every other such surface of revolution similar con- 
ditions exist, and so it is evident that the distribution of blade 
pressure is actually not uniform, as was assumed in Equation [8]. 

It is furthermore obvious that the pressure difference Ap at 
the leading and trailing edges must be zero, because such a differ- 
ence can only exist when sustained by a material surface or body. 
Thus the blade pressure must drop to zero at the edges of the 
blades. In order to compensate for this reduction, below the 
average, the maximum values must naturally exceed the average. 
The actual distribution of blade pressure will be shown to depend 
upon how the flow exchanges its energy with mechanical energy 
during its passage between the blades. This exchange is deter- 
mined by the rate of increase or decrease of moment of whirl 
(Vtang 7), aS Shown by Equation [2], which is valid for intermediate 
partial distances between the outlet and inlet of the runner. 

The value that has been taken for the moment of whirl (vang 7) 
has been understood to be an average for all the filaments of 
flow in the space between two blades. It corresponds to the 
intensity and direction of the average relative flow which na- 
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turally is dependent upon the shape of the blades, especially the 
radius of curvature at any particular point along the contour. 
To illustrate this, in Figs. 4 and 5, two curves showing different 
types of variation in the average value of (vtang7) and the corre- 
sponding distribution of blade pressure are plotted against the 
developed distance aa’ of Fig.1. Closer investigation shows that 
Ap is proportional to the slope of the curve representing (vtang 7). 
Although these diagrams are equally applicable for pumps or tur- 
bines, they do not intend to show the exact conditions for the 
shape of the blades illustrated in Figs. 2 and 3, but they do show 
how the distribution of Ap is affected by the rate of change of 
moment of whirl, which in turn is proportional to the rate of 
change of total energy H. 

As before mentioned, even if the magnitude of Ap at each 
point of the blade is known, so far there is no way of determining 
how it is proportioned between surplus of pressure above the 
average on one side of the blades and deficiency below the average 
on the other. As a first approximation it could be assumed that 
it would be divided equally so that Ap/2 would represent both 
the surplus and the deficiency. Based on this assumption, and 
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also allowing that there is a reasonably small deviation from uni- 
form distribution of Ap over the entire projected area, it would 
be possible to design a blade of required properties with respect 
to the lowest pressure occurring in the blade system. It is this 
lowest pressure which is critical in determining under what con- 
ditions cavitation will take place. This idea will be discussed 
further in a later section. (See sections 7 and 9.) 


4 ANALOGIES TO THE AIRFOIL THEORY 


If we again consider the flow in that layer represented by aa’ 
in Fig. 1, and as developed in Fig. 2, it is evident that each blade 
operates under conditions which are very similar to that of an 
airfoil or wing of an airplane. In fact, there is a strong re- 
semblance between the cross-section of a blade and the shape of an 
airfoil. Furthermore, such a wing has a surplus of pressure on 
one side and a deficiency on the other, as indicated in Fig. 6. 
The side having the higher pressure is marked plus and the other 
minus. As a result of this distribution of pressure, there is pro- 
duced an effect which in aeronautics is called “lift,” but for 
blades it may better be considered as a thrust which is perpen- 
dicular to the direction of the approaching flow. The other 
component at right angles is called drag, or resistance to flow. 
In an ideal fluid the lift is the only reaction acting upon the wing 
or blade, but in a real fluid the drag component exists and must 
be taken into account. 

On the high-pressure side of the profile the velocities are some- 
what lower than on the low-pressure side. In Fig. 6 the stream 
lines have been drawn to indicate this fact by having the dis- 
tance between each pair of lines so that there will be the same 
partial discharge. It will be seen furthermore that the stream 
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lines approaching and leaving are deflected in the direction indi- 
cated by the two arrows by the effect of the pressure gradient 
around the edges. 

A most significant difference between the behavior of a single 
wing and the blades of a turbine or pump is that in the case of the 
latter we must deal with a series of profiles arranged in circular 


Fie.6 Fitow ALONG AN AIRFOIL PROFILE 


hill Le 


Fie. 7 Raptat ARRANGEMENT OF BLADES 


formation. It was seen in Figs. 1 and 2 that sections of the 
profiles cut by a layer of flow extend over circles of differing ra- 
dius and the angle formed by an element of the cone, and the 
shaft may have any value from 90 deg to 0. It would be well to 
consider first the two extreme conditions: 

(1) A radial arrangement of profiles is shown in Fig. 7. The 
surfaces of the blades are cylindrical, and the flow is bounded by 
two parallel planes normal to the shaft. For each plane parallel 
to the bounding surfaces, there are assumed to be the same con- 

ditions of flow, and furthermore, the flow is two-dimensional— 
i.e., it can be represented on a single plane. This arrangement is 
used for runners of high-pressure centrifugal pumps, and is use- 
ful for studying the influence of the number, shape, and angles of 
the blades upon the torque and head under different conditions 
of discharge and speed.(2) Such a series of blades may also be 
assumed to represent approximately the conditions of flow in any 
given layer, as in Figs. 1, 2, and 3. 

(2) An axial(3) arrangement of blades is shown in Fig. 8, 
similar to Fig. 7, except that it has been drawn for an axial blade 
arrangement. The result of developing a flow layer is a straight 
and infinitely long series of profiles parallel to each other. Such 
a series may likewise be used to study the influence of the pre- 
viously mentioned details by considering that the flow in the 
thin layer represented by the cylindrical section, having a thick- 
ness of dr, is identical with a similar section AA’ in Fig. 7. In 
the axial runner, each cylindrical section is different from the 
others in angles, pitch, and shape of the blades. It is therefore 
necessary to investigate whether or not, and under what con- 
ditions, the flow in one layer influences that in the neighboring 
layers. 
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Whatever the result of such investigation may be, we could 
determine the torque in the shaft and, in consequence, the effec- 
tive head absorbed or created by the runner, if we could only 
know the magnitude and direction of the resulting force caused 
by the reaction against the deflection of flow working upon each 
individual circular section. If, furthermore, we could obtain 
information from experiments made with profiles under simplified 
conditions, we possibly would have a good foundation for a 
theory of few-bladed axial runners. 

A great many experiments have already been made for the 
purpose of investigating the airfoil theory. Wings or vanes 
having special profiles have been held in a fixed position opposed 
to a uniformly approaching flow. For a thin layer near the 
central plane normal to the width of the body and parallel to 
the approaching flow, the action can be considered to take place 
in a single plane, and the lift L and drag D may be computed 
from the experiments. (4) 

It is obvious that conditions for the radial arrangement are 
so different that the results of such experiments cannot be trans- 
ferred directly without investigating very closely the corrections 
to be applied. An at- 
tempt to make this 
transfer may not be 
worth while; it may 
be better to experi- 
ment in the first place 
with a radial arrange- 
ment of blades, or else 
to apply special theo- 
retical calculations. 
Certainly in the case 
of the axial as con- 
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trasted with the radial runner, there is much more reason to 
apply directly, or with few corrections, experimental results and 
so get an approximation of the underlying theory. For this 
reason the next section gives a short outline of how such a theory 
may be applied. 


5 APpplicATION OF THE AIRFOIL THEORY TO RUNNERS OF 
PROPELLER Pumps AND TURBINES(5) 


If we treat, as suggested in Fig. 8, the thin cylindrical layer of 
flow, see Fig. 9, having an average radius r and a thickness dr 
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which is so small that uniform conditions may be safely assumed 
to exist across this incremental distance, the development of this 
layer may be represented by Fig. 10 for a pump and by Fig. 11 
for a turbine. These diagrams show the cross-sections of the 
blade profiles and the relative flow which can be assumed to take 
place in this cylindrical section. In both cases the inclination 
of the chord of the blades relative to the direction of motion is 
given by the angle 0, while the distance from a point on one blade 
to the corresponding point on the next is given by the pitch S. 
The width of the blade is defined by the distance / between two 
perpendiculars to the chord. The height of the blading is given 
by X. 


Direction of relative 
flow at exit 


Slight increase in 
Fhang resulting from 
D ‘is generally 
neglected 


Direction of relative 
flow at entrance Bi 
Fig. 10 Biapinc aNp Veuocity DiaGram For aN AxtaL Pump 


The oncoming flow is assumed to be uniformly distributed and 
approaching at an angle (1, relative to the direction the blade is 
moving until it enters region 1 at a distance of approximately S 
from the tips of the blades. The discharge is likewise considered 
to be uniform after passing through region 2 of like width, and 
leaves at an angle of 6.. These two angles correspond to those 
which would be required to satisfy the elementary theory. The 
effect exerted on the flow is therefore the same as would be exerted 
by a series of thin blades extending to include regions 1 and 2, 
and having an infinitesimally small pitch. 

The tangential component of reaction between the flow and all 
the blades can in theory be computed from a knowledge of the 
forces acting on a single blade. These forces are determined 
experimentally and are usually stated in terms of the two com- 
ponents, lift and drag. Of course, when the same profile is 
mounted in a series, the conditions are altered, but for the ideal 
flow it may be shown theoretically that the lift is normal to the 
direction of the mean relative velocity wm, which may be deter- 
mined from the velocity diagrams as follows: 

The axial components for all velocities Wi, We, Vi, V2, Wm are 
all the same, since these“are determined by the quantity of water 
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passing and the discharge area, assuming uniform distribution 
over the entire area. It is customary to consider the tangential 
component of the mean relative velocity equal to the mean be- 
tween the tangential components for w; and w,—that is to say: 


Wtang 1 + Wtang % 
2 


Thus wm may be determined in both magnitude and direction. 
The lift is taken as being normal to the direction of the average 
relative velocity, while the drag is considered to be parallel to 
it. In this situation this average relative velocity takes the 
place of the approach velocity in experiments with a single pro- 
file,(6) and so Z acts in a di- 
rection perpendicular toit. Jt 
will be seen on Figs. 10 and 11 
that Bm differs from 6 by a 
small angle a. It is further- 
more evident that if Z and D 
are known, the resulting force 
F can be found, and from it 
the tangential component Fang 
can be determined. 

Experimental results give the 
desired values of Z and D as 
functions of this angle a, which 
is defined as the difference be- 
tween the direction of the ap- 
proaching velocity and the 
chord of the profile and cor- 
responds to the angle of at- 
tack. (7) 

According to the airfoil 
theory, the lift and the drag are 
given by 


Wtangm = 


Direction of rotation 


00" 
L=tAy~...[10] 
Region | : 
2 


Det, Ay ane 
2g 


where A is the area, which is 
equal to the length 1 times the 
distance b, between the parallel 
walls of the testing tunnel or 
flume; v is undisturbed velocity of approach, and ¢ and ¢a, the 
lift and drag coefficients, respectively, are determined experi- 
mentally as functions of a. There is one value of @ for which 
the ratio of drag to lift is a minimum, and which will he seen to 
be desirable to approximate as far as possible in the selection of 
blade-design data. 

In the case under consideration, the area is the product of 
Idr, and as wm corresponds to v, appropriate substitutions in the 
foregoing equations give 
2 


dates Uae yao eee [12] 
2g 


OD imme ibily. pete ds ipsa seen i [13] 
2g 


In order to make the formulas developed in the course of this 
reasoning the same for turbines and pumps, let us introduce the 
subscripts » for pressure side and , for suction side in place of 
1 and 2 as used previously for entrance and exit. 

To cover a general case rather than the conventional design, 
it will not be assumed that (vang7)s is zero, because it is very pos- 
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sible that in the future it will be found desirable to have positive 
_ or even negative values of moment of whirl on the suction side 
of the runner, even though such practise might require a guide 
apparatus or similar device at the intake of a pump. It should 
be repeated that in present practise the vtang » of a pump is deter- 
mined by the outlet conditions, and for a turbine by the guide 
vanes, whereas Utangs is governed by the inlet conditions of a pump 
and the outlet conditions of a turbine. 

The effect of drag was shown by Figs. 10 and 11 to increase the 
__ tangential component in a pump and to reduce it in the case of a 
turbine. Now in order to avoid 
complication and because D is 
generally but 1 or 2 per cent of 
the lift, itis allowable to neglect 
- it when computing this tangen- 
tial component, but to take it 
_ into account when calculating 
_ the losses and the efficiency. 

It will be seen from the geo- 
metrical construction that neg- 
lecting the slight effect of drag 


Wn 
dF tang = ¢1 l dr Yi sin Bm 
29 


It is furthermore apparent from 
the velocity diagram of these 
same figures that 


eet at Direction of rotation 
Wm Vax 


Vtang 8 = Vtang p = 


and 
SW ko SPM 3.6. 5 HE 


By substituting vax/wm for sin 
Bm in [14], it follows 


Re ROME ay Vax Wm Be 
29 


Taking the square root of [15] and substituting it for wmin [17], 
2 
dFtang = tldr— Apes qo Bd Uy Toca Mrang ¢ F Ytang » .. [18] 
29 2 


Since force multiplied by velocity is power, which in turn is 
equal to the quantity of water in pounds times the effective head 
in feet, Ftang u would equal the effective head A,\?H times W. W 
is equal to the density y in pounds per cubic feet times Q in cubic 
feet per second, which is itself the product of the axial velocity 
Vax and the discharge area Sdr. Consequently there is built up 


GF tang U = Vex S dr af A’?H COP Te ree eC {19] 


But A:?H being previously shown to be w(vtangp — Vtang »)/9, 
a substitution gives 


dF tang U = Vax S dr yu (Vtang p — Vtang *)) /9 Se letesafal wists 


Either side of this equation expresses the foot-pounds of work 
per second done or absorbed by the flow passing through the 
_ space between two adjacent blades. Now combining [18] 
- and [20] and canceling vax outside the radical, as well as dr, 7; 
and g, we get 


Direction of relative 
flow at exit 


Fie. 11 Buapine anp VeLocity DIAGRAM FOR AN AXIAL TURBINE 
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o l Vtang s + Vtang p 


2 os 
9 Vax +(x 9 


which may be simplified to 


2 
) TE S(Ytang p — Vtang >) 


Vtang p —— Vtangs 


2S yn as (u— Vtang ¢ a “ann 


Direction of relative 
flow at entrance 


By 


Region | 1 


Slight decrease 
iN Fhang resulting 
from D is gen- 
erally neglected. 


Region 2 


This equation has been written purposely in such a form that 
the four values which may be considered as known will be on the 
right-hand side, as these must be selected in advance. (Remarks 
concerning this selection will be contained in section 9.) It 
appears therefore that there are three unknowns, the combination 
of which must be constant. 

Assume first that a profile, the properties of which are known, 
is chosen, and it would be advantageous to select first the value 
of ¢ that would give a minimum ratio £a/f:, thus leaving but 
two variables. There are only a limited number of possible 
values for S, as 2rr/S = z, which must be an integer, so / re- 
mains to be determined by trying various combinations until a 
convenient length of blade is found, and then 


all of the values are known which are necessary for the design 
of the profile for this circular section. The subsequent sections 
are analyzed in the same way. In so doing it is possible to change 
the shape and dimensions of the profile in the several successive 
sections, or else to hold to one profile and change only the di- 
mensions to satisfy Equation [21]. Efficiency and strength of 
the blades, together with danger of cavitation, all have to be 
taken into account as governing the selection of these variables. 
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It is now necessary to look further to be assured against cavita- 
tion. It may prove necessary to revise the initial choice of (1 
by altering a in spite of sacrifice in efficiency. This subject will 
be discussed more in detail in section 9. 


6 Criricism or THH AIRFOIL THEORY 


In the preceding section there has been discussed the utilization 
of experimental results on one profile for the design of a turbine 
or pump. It should next be considered whether or not such re- 
sults obtained from a single profile are applicable to a series of 
blades, particularly when arranged like the spokes of a wheel. A 
number of theoretical investigations have been made in which the 
fluid has been considered as ideal, but because of difficulties in 
the mathematics involved, such studies cannot take into account 
all the details such as curvature, thickness, etc., and especially 
the drag caused by friction. Consequently, the problem should 
be looked at from the material point of view in order to see what 
can be expected in practise. 

It has been shown in Fig. 6 that when a profile is exposed to an 
approaching flow, there is a definite pressure distribution. In 
the beginning we were concerned simply with the distribution at 
the surface, because it is this alone that determines the lift and 
the drag. To look further and study the effect of mutual inter- 
ference of several profiles upon each other, it is necessary to re- 
member that the elements of pressure increase or decrease at the 
surface are radiating out into the flow. This influence does not 
extend very far as long as the deflecting effect is small, and in 
such cases the disturbances in the pressure field caused by each 
individual blade do not interfere. 

However, there is another very marked effect which results 
from the narrowing of the passages between the blades. All of 
the velocities in the spaces between the blades are increased, 
with consequent general lowering of pressure. Thus the pressures 
that would otherwise be high are decreased, and the low pressures 
on the other side of the blade are still further reduced. The 
effect of this change upon the lift cannot be predicted without 
detailed study of the shape of the blade, but Fig. 12 shows what 
happens in a specific 
case where the wings 
of a biplane are ex- 
posed to an approach- 
ing flow with small 
angle of attack. The 
original pressure distri- 
bution for the two 
wings each taken sepa- 
rately is indicated by 
the solid pluses and minuses, while the influence of the com- 
bination of the two is denoted by the broken minuses, --. It 
will be seen that the net effect is that the lift of the upper 
wing is decreased, whereas for the lower it is increased. It 
has actually been found by experiments that the lower wing 
carries the greater part of the weight of the ship. 

For higher angles of attack this effect is less marked as it be- 
comes more and more obliterated by the increasing magnitude 
of the pressures set up by the wings themselves. It is further- 
more evident that this influence is affected by the relative posi- 
tions of the profiles themselves, which may be set farther apart 
or nearer together or shifted longitudinally with respect to each 
other. As a rule for all angles of attack, profiles arranged as 
shown in Fig. 12 have a total lift less than the sum of the lifts 
of the individual wings. 

The principal difference between the wings of a biplane and the 
blades of a turbine or pump is that, on account of being arranged 
symmetrically about the axis, the tangential thrust and the drag 
for each must be thesame. It is now a question as to whether the 


rd 


Ml =< 
Gee tee ett+ 


Fie. 


12 Mourvat INTERFERENCE BeE- 
TWEEN WINGS OF A BIPLANE 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


forces acting upon a single blade of a series are greater or less 
than those working upon a single blade alone exposed to the 
same conditions of flow. The mathematical investigations 
previously mentioned(8) unfortunately cannot take into con- 
sideration all of the details which are so essential to this problem. 
Such studies are only carried out for a parallel series of blades, 
and the results so derived are valid for but one circular section 
of the actual runner. If there is built up a special runner com- 
posed of a number of parallel series, each of them satisfying the 
design conditions for the corresponding cylindrical section, then 
two problems must be encountered: The first is to determine the 
correct position of the established cylindrical sections with re- 
spect to each other to be sure that the pressure distribution along 
the several contours will correspond to each other and not cause 
cross-flow from one section to another. The second is to see 
whether after all this desired result is possible with the profiles 
that have been selected. 


velocity ae ata a) for turbine 


distribution =—+——_._ vy for pump 


Fig. 13 THroreticAL VELOcITY DISTRIBUTION AND DEVELOPED 
Layer oF FLow ror A GENERAL TypPr OF RUNNER 


Difficulties do not end here, for the mutual interference of a 
series of blades in parallel arrangement is certainly different from 
that of the same profiles in radial arrangement constantly chang- 
ing in contour from one section to another throughout the dis- 
tance from periphery to the hub. 

It will thus be appreciated that there are many unknown fac- 
tors in the direct application of airfoil theory and experimental 
knowledge to the design of turbines and pumps. Laboratory 
experience with such runners must certainly be called upon to 
check the results of the use of such a theory, and therefore it may 
be questioned whether or not the airfoil theory is, after all, the 
best one upon which to base our ideas. 

In the following section there is given another point of view 
which is based more nearly upon the elementary theory discussed 
at the outset. 


7 AnoTHER THEORY FOR RUNNER DESIGN 


The fundamental assumption in the airfoil theory of design is 
that similar conditions exist for a single blade exposed to ap- 
proaching flow as exist in the blading system of a runner. An- 
other way of looking at the problem would be to begin with a 
consideration of a theoretically perfect system having an infinite 
number of thin blades, and then study the corrections that are 
necessary when the number of blades is reduced to a finite and 
finally to a very small number, while at the same time their 
thickness is correspondingly increased. The blades are initially 
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taken as geometrical surfaces, representing the relative flow at 
any point in the space occupied by the runner. As such a 
method of establishing a logical theory, susceptible to check by 
progressive experimentation, is valid for all types of runners, there 


_, has been selected for illustration the general type shown in Fig. 13. 


The same conventions in regard to subscripts p and » will be 
observed as explained in section 5. It should be remembered that 
this is a discussion of a general case, and so (tang 7): is not assumed 
to equal zero. 

_ The first step is to consider how free flow would pass through 
_ > the annular spaces between the hub and the casing if there were 
no blading at all. The free flow may be considered to follow 
along meridians of surfaces of revolution, and the velocities 
therefore are desig- 
nated as Umer. The 
theory of an ideal flow 
allows us to figure out 
the velocity distribu- 


\ "> tion, taking into ac- 
8 count the effect of cen- 

D=0.9523im7, trifugal force caused 

N '§ by the curvature of the 
D=0.182m7 |~% stream lines.(9) Fig. 

D=0.525m. | 18 shows also the ve- 

c locity distribution in 


D=|.0m one of the cross-sec- 
tions of this annular 
passage. This velocity 
curve should next be 
corrected for the effect 
of skin friction and tur- 
bulence.? So far this 
can be done only by comparison with experimental results in 
similar cases. The author has started systematic tests in his 
laboratory at Karlsruhe to study the velocities through annular 
passages in a region of turbulent flow. Fig. 14 shows such a 
diagram for four straight pipes having the same diameter, but 
three of them having cores of different diameters. These results 
can be applied to propeller turbines, and the axial flow bounded 
by the throat ring and hub, although theoretically uniform, should 
be corrected in the light of these experiments. 

Fig. 15 shows a corresponding diagram of velocities actually 
measured in an annular passage used for centrifugal pumps. 
The velocities for an ideal fluid are plotted in dash lines to show 
the contrast with the actual in solid lines. The change of shape 
of the curves for different cross-sections depends upon whether 
the flow is being accelerated or retarded. 

Such tests should be made to cover a sufficiently wide range of 
conditions, and a theory should be evolved which would enable 
us to predetermine the velocity distribution in actual installa- 
tions. So far it is necessary to depend upon estimates and judg- 
ment. 

It follows that if the velocity distribution is altered, then the 
stream lines would have to be revised so that there will always 
be the same partial discharge between each adjacent pair of lines. 

Based upon knowledge of stream lines for free flow, the next 
step is to isolate a thin layer between two stream lines. The 
velocity tmer along the distance X measuring the length of the 
layer along a meridian and beginning at the suction edge of the 
blading is now known. 

In order to study the flow inside this layer of revolution, the 
tangent cone may be resorted to and developed by unrolling, as 
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3? The expression ‘‘turbulence’’ is considered here as the property 
which distinguishes a flow from ‘‘laminar’’ or ‘‘streamline flow.’ 
In a turbulent flow the individual fluid particles change from one 
stream line to another. 


HYD-56-1 233 
in the right-hand part of Fig. 13. Now the overall increase in 
(Ving?) is given from fundamental considerations, and (vtang 7). 
whatever its value may be, corresponds to x = 0, while (vtang 7) p 
corresponds to x = X and may beso plotted. In the meantime 
Vtang 7 is a function of z, and the law by which one varies with re- 
spect to the other may be selected arbitrarily, but the conse- 
quences of such selection must be investigated. 

Now if the number of blades is not infinitely high, but still very 
high, the variations in pressure and velocity along the circle be- 
tween them will be correspondingly very small, and it is allowable 
to make a simple but reasonable assumption in thisregard. This 
is that the pressure varies linearly over the distance between 
the blades and that the variation in velocities can still be neg- 
lected. Now the momentum theory can be applied to that in- 
cremental volume having the form of a prism extending between 
the front and back surfaces of two adjacent blades, in exactly the 
same way in which it was applied to the average flow at the outset 
of this discussion. 

The cross-section as shown in Fig. 18 is the area drdb, and the 
length is S, or 2rr/z. 

By following the same reasoning as in the development of 
Equation {1], we get two expressions for the small part of the 
torque balanced by the reaction of the flow during its passage 
through that volume: 
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The transposition 
from one expression to 
another shows that 
Umer Sdb, the incre- 
mental discharge, times 
the density + is the in- 
cremental weight, the 
deflection of which cor- 
responds to the incre- 
mental change in the 
tangential velocity 
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Likewise in the same 
manner that Equation 
[8] was developed 


Turbulent 
velocity 
distribution 


Fig. 15 COMPARISON OF THE IDEAL AND 
TURBULENT VELOcITY DISTRIBUTIONS 
IN THE ANNULAR PASSAGE OF A Pump 
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By combining [23] and [24], the result is: 
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d 
The term ee (Vtang 7) is a measure of the rate of increase of (vtang 7) 
hs 


along x. If the relation between vtangr and x is plotted, then the 


slope of this curve gives < (tang 7). 
mind, as brought out in section 3, that Ap at the edges of the 
blades must be zero. When the number of blades is infinite, 
S = 0, and so Ap is indeterminate from this equation, but we 
are not interested in this case. When, on the other hand, the 
number of blades is finite, then Equation [25] shows that 


It is necessary to keep in 


d 
— (Vtang7) moust be zero at the edges of the blades. 


: Therefore, 
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whatever may be the relation between x and (vtang 7), the curve 
must have a slope of zero at the end-points and consequently be 
S-shaped. 

On the other hand, the average pressure between the blades 
can be computed by an equation which corresponds to Equation 
(7]. 

If we consider H, the specific energy which is increased by 
transfer to the flow from the blades, to be a function of x and 
designate by H, the value at the suction side where z = 0 and 
by H, the value at any intermediate point at distance x from the 
entrance, then we can write 


® 
H.—H. = ‘ { Wane )s— Crane ts} soins [26] 
—— Velocity increasing 
<tViang-s <tVtang-p at Wp ‘Ws 


danger from cavitation 


vapor pressure 
f/ Minimum pressure, 
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Absolute pressure, |bs/sq ft. 


Fie. 16 Reuative VeLociry, TANGENTIAL CoMPONENT OF WHIRL, AND PRESSURES IN CYLINDRICAL 
Section or Axia RunNER PLorrep AGainst Distance ALONG BLADE 
(Together with profile that would be used for runner having a few blades compared with shape for infinite 


number of blades.) 


But by definition 
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Combining Equations [26] and [28] and transposing, gives 
P Meer vz? = 0.” 
PE (sere —omee ee (he — ha) 
x g 29 
NCE cee {29] 


It now appears that if (vangr)z is a function of x, then the 
value corresponding to any value of x can be found. The mo- 
ment of whirl (vtengr) is determined by the fundamental data. 
The r’s being fixed by the physical layout, both vtang’s may be 
determined, and from them the »’s, since v2 = viang? + Umer’. 
The h’s also are determined by the height above a datum plane, 
so that with p, known, pz may be computed for all values of z. 

In the case of a large number of blades the pressure may be 
considered to vary uniformly along the ares connecting the corre- 
sponding parts of two adjacent blades. In other words, one- 
half the pressure difference Ap is a drop below the average pres- 
sure and the other half an increase above it. ‘Thus we are in a 
position to calculate the pressure on the low-pressure side of the 
blade, pmin, since 
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Substituting for (pz — ps)/y the expression given by Equation 
[29] and for Ap/2y the expression according to Equation [25], 


min le vz? =, Ds? 
Ce hors Seer 
¥. eG) 2g 
S vmer d 
a hz er hs eh ae AG 4 Jie cre eth nlanenets 31 
( ) Saad (Vtang 7) [31] 


The foregoing may be worked out and the results presented 
graphically, but to illustrate the principles involved it is suffi- 
cient to show simply the case of an axial runner. Fig. 16 gives 
the plots of all the functions. In the general case it is necessary 
to consider the changes in r and u between the pressure and suc- 
tion edges, and therefore the 
velocity diagrams which follow 
having a common line for u 
apply only to axial runners. 
This diagram applies for tur- 
bines as well as for pumps, 
simply by reversing the direc- 
tions of flow and rotation as 
indicated and by properly 
shaping the leading and trail- 
ing edges. It is important to 
note in this connection that 
even with many blades it is 
possible and almost inevitable 
that the lowest pressure on 
some part of the blade will be 
below that of the suction pres- 
sure. The diagram indicates 
that it is this point that is criti- 
cal in determining whether 
cavitation will take place or 
not. 

If the number of blades is made progressively smaller, the as- 
sumptions introduced so far are no longer true and the method 
must be improved. Nevertheless, as far as we have gone, 
Equation [31] shows that the pressures depend to a large extent 
upon the rate of change in the moment of whirl produced by the 
blades themselves. If in this Equation [31] the values (vtang Tr) 


Vax forya turbine 
U for a turbine 
u for a pump 


d 
and an vias r) are taken as average values, it is still valid even for 


comparatively few blades according to the momentum theory. 

There is now before us the same problem that appeared in the 
case of the application of the airfoil theory. If the (vtengr) is 
fixed as a function of z in one layer, how is it to be determined 
upon for adjacent layers? It is evident that this cannot be done 
arbitrarily. The general law which must be followed is that in 
the entire blading system the equation 


w? — u? 


+ ht = constant............ [32] 
must be fulfilled. This equation, which was developed with par- 
ticular reference to ideal flow, can also be applied to turbulent 
flow. The reason why this result is not secured at first is that the 
distribution of vm is first fixed, and the choice of (vtangr) together 
with the fixed vm determines the absolute velocities » and the rela- 
tive velocities w. This restriction applies only for average values 
between the blades of multi-bladed runners. In the case of a few 
blades it is necessary not only to compare the average values of 
several layers, but also to compare the conditions varying along 
the parallels. 

Again assumptions have to be introduced to simulate more 


closely the actual conditions. For instance, it may be assumed 
that over the distance which separates two blades the relative 
velocity is varying in a straight-line relation, which means that 
the pressure is varying with some higher power. A further as- 
sumption is that the angle that the relative velocity makes with 
‘the tangential direction of a point on the runner varies together 
with the magnitude of this velocity. 

To allow for these points which are not readily susceptible 
to analysis, simple and reasonable assumptions can be intro- 
_ duced as the result of experimentation carried out with special 
forms of blades arranged either in a series or singly, or perhaps 
more exact calculations. By such successive approximations a 
method can be developed, the final purpose of which is to estab- 
lish a basis for the selection of the relation between (vtang7) and 2, 
and to carry out a detailed determination of velocities and pres- 
~ sures between the blades as well as upon their surfaces. 

It is necessary, for two reasons, to know the distribution of 
_ velocities and pressures. In the first place, Equation [32] must 
be satisfied, for if it is not, there will be secondary flows across the 
|’ blades which will lead to additional complications arising from 
the need of considering their radial and axial components. In 
order to appreciate this more fully, it is desirable to consider the 
conditions existing for a straight series of parallel blades arranged 
between two parallel and plane bounding surfaces, as shown 
vat the top of Fig. 17. 

| \ Suppose, first, that the blades are identical cylindrical surfaces, 
which means that they have the same profile in each layer parallel 
to the bounding planes, and suppose, furthermore, that the 
flow approaches this blading system uniformly in all of these 
parallel planes. This means that between the blades the flow 
also takes place in a plane, and the pressure along each straight 
line perpendicular to the planes is uniform. Consequently, there 
would be no reason why secondary flow across the blade should 
exist. The variations in vtang, which here is analogous to the 
Vieng? in the case of runners, are necessarily the same for all 
positions along this perpendicular. 

Imagine, on the other hand, that the blades have different 
profiles, as shown in the lower portion of this Fig. 17. Then the 
distribution of pressure along the perpendicular obviously can 
no longer be uniform, since there would be a pressure gradient 
from one point to another. Consequently, a flow along the 
perpendicular is sure to take place. The variation of vtang is no 
longer uniform across the blades, and is therefore analogous to the 
conditions which exist in a turbine or pump runner where the 
blades do not satisfy Equation [32] because of improperly selected 
distribution of vtangr. 

A second reason for knowing the pressure inside the blading 
system is because it is essential to know not only the lowest pres- 
sure, but its location. This is necessary in order to predict the 
maximum conditions of head or discharge with which it would be 
possible to operate the pump or turbine without danger of cavita- 
tion, as cavitation will take place when the minimum pressure 
approaches the vapor pressure of the water, as indicated in 
Fig. 16. 

There now remains to be determined the shape which the blades 
take corresponding to a given distribution of vtangr. For that 
purpose again consider a single layer and suppose the number of 
blades to be very high and the blades themselves to be very thin. 
Under these assumptions, the relative flow in the layer follows 
the curves which are identical to the intersection of the blades 
with the surfaces of revolution forming the layers; we can then 
write (see velocity diagram in Fig. 18). 


=i Diner COU MIRE ci ciartlan: exe [33] 


Vtang 


from which there follows by simple transposition cot 6 = 
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(w — Vtanz)/Umer. The angle 6 is considered to be positive and 
always less than 90 deg. 

The fraction on the right side is a known function of 2, inas- 
much as Vtang7 is known from the fundamental assumptions. 
Therefore, cot 6 and £ itself become functions of z for this layer. 
From this relation the profile of the blade in this layer can be 
determined by some graphical method, and in the end the sur- 
face of the blade is represented by the intersection of the curves 
with all layers. 

From this arises the main problem: If there are but a few 
blades, how must they be curved to force upon the flow the same 
average deflection as assumed by the choice of the relation be- 
tween dang7 and x? An offhand answer is that they must be 
curved more than determined by the foregoing calculation. That 
means that the blade angle must be exaggerated at the leading 
edge to compensate for the bending effect of pressure described in 
sections 3 and 4 and Figs. 2(a) and (6) and 6. At the trailing edge 
this exaggeration has also to be made to overcome the similar 
bending effect which would otherwise reduce the total deflecting 
effect of the blades. The amount of the correction which must 
be applied for comparatively few blades as compared with that 
for many, must as yet be estimated. In Fig. 16 a comparison 
is shown between the shape which would be adopted for infinitely 
many thin blades and 
the one that would be 
used for a few blades 
of a definite thickness. 
The infinitesimally thin 
blade in this figure has 
been plotted to corre- 
spond with the varia- 
tion of viang with z, as 
shown in this same 
figure. 


8 ADAPTATION OF 
Bots THEORIES TO Ac- 
QUIRING PROGRESSIVE 
EXPERIENCE AND 
KNOWLEDGE 


Obviously it is pru- 
dent to check any 
theory of runner de- 
sign by model test. 
If such tests do not 
give results in agree- 
ment with the theory, 
it is first hard to find 
out whether it is the 
theory as a whole or 
only the details that are incorrect and then just which details 
these may be. On the other hand, if the results agree with 
the theory with respect to unit discharge, unit speed, and effi- 
ciency, we only know that the composite effect is satisfactory 
while the details may simply mutually compensate. Of course, a 
comprehensive test made with models, especially with prototypes, 
would lead to a more profound knowledge. For example, to 
measure the distribution of pressure on revolving blades would 
help very much to compare the theoretical with the actual con- 
ditions. With small models it is not easy to take such readings 
on the revolving runner. With prototype machines, for in- 
stance on large propeller runners, it should be much easier, be- 
cause of the actual dimensions of the blades, hub, and shaft, to 
allow the arrangement of piezometer holes connected through 
the hub and hollow shaft by the means of small tubes coming out 
at the end of the shaft. Even then it would be decidedly difficult 


Fig. 17 Cross-FLow InpucED By PRES- 
SURE GRADIENT AcROsSS BLADE 
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to carry out, either with models or full-size machines, the com- 
plete system of tests which would be necessary to develop a relia- 
ble theory for turbine and pump design—that is, reliable in the 
sense that it could be adapted for all conditions and secure the 
highest efficiency and safety against cavitation. 

It may not be expected that such a theory would result in still 
higher efficiency than those that have been obtained already, for 
example, 92 per cent in Europe at the Ryburg Schwérstadt plant 
on the Upper Rhine, but a more perfect theory would give as- 
surance against mistakes, failures, and disappointments. It 
follows that because it is impossible to run a systematically ar- 
ranged series of tests on turbines or turbine models, for the 
purpose of checking all the details underlying any theory, it is 
necessary to make detailed tests under simplified conditions. 
Undoubtedly a combination of both theories as previously de- 
scribed will prove the best foundation for runner design. ‘There- 
fore, experimental devices, based on the ideas underlying both of 
these, will be needed. For example, the resulting forces exerted 
upon a series of profiles in parallel or even radial arrangement 
should be measured to determine the lift, the drag, and the ve- 
locity and pressure distribution under various angles of approach. * 

Such tests should be made with profiles which are intended to 
be used for runner blading, and the difference of the effect upon 
the profiles when arranged in parallel or radial series should be 
determined; in this way the mutual interference can be studied. 
This is one of the two main problems in turbine design. 

The other is to form a blade, having blade pressure distribution 
Ap as uniform as possible. The success of any effort in this line 
can be verified by taking readings of pressures along the 
blades. (10) 

To analyze the results of tests of these two types, either the 
airfoil theory or the theory developed from infinitely many 
blades may be used, but in either case both must then be cor- 
rected and adapted to the conditions under which the profiles 
are used in the runners. This must be accomplished by actual 
tests themselves, for performance cannot be predicted in detail. 

Other incidental problems, not so essential as those mentioned, 
but still important, should be studied in like manner. For ex- 
ample, one question is how the product vtang7 generated by the 
guide vanes influences the distribution for free flow. In this 
case the guide vanes overhanging the curb ring cannot give the 
flow a constant moment of whirl if the distribution of velocity 
vmer remains the same as for free flow. An alteration in the natu- 
ral moment of whirl causes a pressure distribution which is not 
conducive to the same velocity distribution as for free flow. 
Hence the conclusion must be drawn that guide vanes over- 
hanging the curb ring change the distribution from that for free 
flow, and therefore must be taken into account in the design of 
the runner. The effect can be studied mathematically, but the 
results should be checked by experiment made with guide vanes 
arranged only in circular or parallel series and with and without 
overhang. The velocity distribution in three dimensions should 
be observed for such flows. (11) 

If it is necessary to arrange the guide vanes overhanging the 
curb ring in order to reduce the over-all diameter of the dis- 
tributer, then there are three questions. Is it necessary to de- 
form the lower parts of the guide vanes in order to get constant 
viangT? Is it possible, or perhaps better, to allow some differ- 
ence in viangr and to adapt runner blades to that distribution? 


4A large number of tests have been made in Germany. The 
author, in his laboratory at Karlsruhe, has tests now under way in 
order to compare the effect of several profiles when arranged in 
parallel, with the effect of the same profiles when arranged as tur- 
bine runners. A close mathematical investigation is being made 
at the same time, and attention is called to a very interesting study, 
both mathematical and experimental, by Busmann. 
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Finally, is it worth while, after all, to worry about this discrep- . 
ancy? Again, in this case, preliminary tests with parallel series + 
of blades can be made to study the fundamental principles be?) . 
fore the turbine as a whole has been designed and tested. 

These examples show on the whole that the study of moder ‘n 
hydrodynamics offers a wide possibility of assisting in the seare  h 
for a logical theory of turbine design, especially in the field « of 
high specific speed. This does not require in every case tes. - [sts 
with entire turbines or pumps, but often detailed problems ¢ an 
be studied by simplified set-ups, bringing out the essential poi,.,,nts 
in a more distinct way than is possible even with complete tes;, sts.° 

Naturally, investigations using the remarkable methods 4¢ that 
have been very successful in the development of airfoil the,ecory 
should be employed in such experimental research work. , gy 

One thing is certain: If we want to operate our equi},¢,pment 
safely, or to extend the development to even higher spee,j,°ds, we 
cannot depend solely on the experience of yesterday. W);, € must 
use all weapons of modern hydrodynamics in its expel] ‘imental 
and mathematical branches, in order to solve these problj;, ems. 


9 GerneraL Discussion oF FururgE TENDENCIES fy in THE 
Dusen or Hicgu-Srrep Runners WitH Recarp TO BS ericrency 
tT 


AND CAVITATION 
) 


All of the foregoing paragraphs have dealt with theag problem 
of how to develop a blading system providing the diffmyerence of 
the moment of whirl or (vtang7) is given by its relation te¢'0 the net 
or effective head. Taking a more general viewpoint, blawe have 
assumed that in the future there will be a demand to dete; jjrmine in 
advance and control the whirl moment at both pressure tresnd suc- 
tion side of the runner. adi 

There is now to be considered what should be the seleget?tion for 
moments of whirl on the two sides of the runner to suit, ja given 
specific speed. Although the answer to this problem depha'ends to 
some extent upon the details that have been discussed in she fore- 
going sections, it is well to emphasize some of the essere itial ele- 
ments in the fundamental layout of the velocity diagr am and 
their effect on specific speed. ler 

(a) Mathematical Background. he 

As a starting point it is necessary to have before us a Cgyoncrete 
conception of specific speed. By definition it is the nurrgnber of 
revolutions for a homologous machine operating at 1 ft heeead and 


developing 1 hp* and may be expressed eg 
HP? di a 
Ms. =) 1. agg shel ayene muruelsyerelene ae 
Hye is J 


where ns is the specific speed, n the number of revolutions, for the 
actual machine, HP is the horsepower, and Hz the head’, which 
will be used as a shorthand expression for Hp — Hs. \ i 
Although this formula is very commonly used, its signific pance 
would be more appreciated if engineers would give consideration 
as to how it is derived. In an attempt to clear away any feeling zx 
that this expression is mysteriously evolved, let us imagine a 
given machine turning 7 revolutions per minute with horse- 
power HP and diameter D. The transfer to the specific con- 


5 The cavitation test stand at the Massachusetts Institute ofp. 
Technology, Cambridge, shows that it is possible to study specif ul 
problems in turbine design under very much simplified condition! 8. 
The phenomenon of cavitation has been demonstrated in ventulri- 
shaped passages having two flat faces and having different angles sof 
flare. 

6 These definitions might be given in dimensionless figures in orion 
to be readily understood internationally, as then they are the same in’, 
metric or English units. In the author’s book ‘Turbines and 
Pumps” (English translation in preparation) such definitions are 
given. In order to avoid complication in this paper, the terms and 
constants will be given only for English units. 


; _ ditions is made in two steps: First to unity head and then to unity 
horsepower. The changing values may be recorded in tabular 
_ form as follows: 


Horse- 
i Head = power Diameter Rpm 
Pe SE ee ceeee ieee H cnr, D n 
t ‘ 1 it 

Reduce to 1 ft head. unity HP FOE D n mp 

iy ‘ E F H3/2 1/2 n HP'}/2 

. Reduce to unit HP.. unity unity p( AP Bp Ay 

n HP3/2 
H5/4 


In the first step the head is reduced to 1 ft, and so the horse- 
power is changed to HP X 1/H */2 and the revolutions per min- 
ute to n X 1/H’/*. In the second step the horsepower is in 
turn reduced from HP/H*/? to unity or in the ratio 1/(HP/H’’?), 
so that the diameter must be altered by the square root of this 
ratio or 1/(HP/H’*/?)'/, while the number of revolutions must 
again be changed by the inverse of this latter ratio, since ¢ must 
be maintained the same. Therefore n/H'/? times (HP'/2/H/*) 
equals n HP’/?/H‘/*. 
Not only does this demonstrate that the specific speed can 
easily be deduced without resorting to formula, but the method of 
deduction lays a good foundation for the following paragraphs 
through exercise of the principles of transfer of head. 

Now by separating the expression in Equation [34] into two 
parts, and inserting D outside the radical and 1/D? inside, the 
expression becomes 


<4 nD 
Ns os Hit D? He Sehty ene eueete; oie, srenacy [35] 


Keeping in mind that unit speed m, or the speed of a homolo- 
gous runner at 1 ft head and 1 ft in diameter, is 


(int Saye 


and that unit power HP, or the power of a runner 1 ft in diameter 
operating at 1 ft head, is 


HP 
HP, = mire [37] 
it will be seen that Equation [35] readily resolves itself into 
PTLD ed de des aes [38] 


The following formulas apply equally well to pumps or tur- 
bines, the only difference being the question as to which head and 
power should be used, on account of the losses. The situation 
can be simplified by assuming for the present an efficiency of 
100 per cent, so that HP = WH/550 = Q y H/550. 

Considering u as the tangential velocity of the runner at the 
periphery, in other words tperi, it is recalled that a ratio com- 
monly used in American practise is 


Uperi 
~/ 24 is loa as eaeaeaaail [ 


For Uperi can be substituted anD/60, so 


= 


, anD as nD 
60\/ 29H: 600/29 He? 
Unit discharge Q: may be defined in a manner similar to HPi 
and m as 


= 0.00652 m... . [40] 
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and if the efficiency is 100 per cent 
Qiy 
BOP, SS FS ooconavenono8d5 oper 
1 550 [42] 
and hence 
of 1 
te =mQr’? V 550 7 073368 US ee ae [43] 


This equation is particularly important as forming the basis 
for the following, in which it will be demonstrated that specific 
speed can be reduced to terms of a few ratios that are characteris- 
tic of the type of velocity diagram and design of runner. 

A given specific speed may be secured as the product of either a 
comparatively high unit speed and small unit discharge, or vice 
versa. High unit speed is conducive to high peripheral and rela- 
tive velocities, and consequent high friction losses. On the other 
hand, high unit discharge leads to large losses in the draft tube. 
It appears from this that if two extremes are detrimental, then 
there should be some optimum value of their ratio, or perhaps 
more than one. The problem is now: 

(1) Are those ratios m/Q: which are used at present really 
the best ones? 

(2) Which ratios should be chosen to suit the higher specific 
speeds that will certainly be adopted in the future? 

When seeking the answer for these questions, it must be re- 
membered that a given specific speed can be obtained by various 
shapes of blades, which are distinguished from each other by 
various combinations of (vtang7)p and (Vtang 7)s, even though these 
moments may have the same difference. This is not true in 
conventional practise as long as (tang 7)s 18 considered to be zero, 
but in a general case this limitation no longer applies, and so a 
further question is: 

(3) Which values of (vtang7)p and (tang r)s are to be selected for 
a given specific speed? 

Although the questions are pertinent to any type of machine, 
it is desirable to limit this paper to a consideration of purely 
axial runners.” 

Although any concentric circular section may be used, because 
each layer has to be designed for the same moments of whirl as 
well as the same difference between them, let us consider as the 
one most convenient to treat simply the outer one—i.e., the one 
at the periphery of the runner. 

Now because rp = 7s for axial runners, and since u = Te, the 
head may be expressed 


Uu 
H,—H: = Hi, rt? ee Vtang s) See aie 


We now have use for two characteristic figures in the velocity 
diagram, one of which has been introduced before. These are 
m, the ratio of the difference in tangential velocities Vtang divided 
by the tangential velocity of the runner, or u, and s, the ratio of 
the tangential velocity at the suction side Vtang « divided by this 
same u. As this discussion applies to the conditions in the outer 
layer, w will be given the subscript peri, to keep this fact in mind, 
but it should be understood that the other velocities appearing 
in the same equations with tperi are the ones which correspond 
to the conditions at the periphery. Therefore 


(Vtanz p —— Vtang s) . 
UO ) 
Uperi 


Vtang 8 


Uperi 


7 Professor Moody discussed the same problem in 1921, but with- 
out using the details of modern experience in aerodynamics and hy- 
drodynamics. See Bibliography, section E, reference 5. 


238 


By substituting in Equation [44] the equivalent of (vtang » — 


Utang s) 


2 
ff Pe Etatees aie A ee Ea [46] 
g 
or, because uUperi = 7nD/60 
2 2p2 
ee 5G [47] 
36009 


or by extracting the square root of both sides and combining and 
setting nD/H,'/?? = n, 
nD 60g 
Hil? am? 


108.4 
=a Merete eee [48] 


Another characteristic ratio in the design of a turbine or pump 
is the relation between the head corresponding to the axial ve- 
locity at the suction tip of the blades and the total head. This 
will be denoted by k 

Vax? 


k= oO 
29H: : 


Vans \VCOHI ss en ee 


In case Vtang s is zero, which means that s is also zero, k is then 
the per cent that the kinetic energy on the suction side of the 
runner bears to the total energy available. This figure is im- 
portant with respect to efficiency and danger of cavitation for 
turbines, but for pumps it has significance only with regard to 
cavitation. The reason is that the suction line of a pump has 
accelerated flow, and as it is allowable to have the area before 
the runner small, a high figure of & can be used. On the other 
hand, the draft tube of a turbine has retarded flow, and although 
the passage may be enlarged very gradually, nevertheless the loss 
for the same value of k is greater. 

Considering now that the flow may not be axial, the total 
kinetic energy expressed in per cent of the total head is 


Vax? - Vtang 3 nS Vax + 3? Uperi® oe 


= =k 
29H: 29H: = 2n 


es (2km + s?)/2m 


Now there appears still another characteristic ratio f, the net 
discharge area after deduction for the hub, divided by the area 
of the runner, 7D?/4. Then if Da is the diameter of the hub, 
f = rD*/4 — rDy*/4 divided by +D?/4, which in turn equals 1 — 
(D;./D)2, and so from Equation [49] it follows: 


from which comes the expression for unit discharge 


; ane =T tf V2gk = 630K fo... 


Q 


Now as Equation [48] gives an expression for m and Equation 
[51] defines Qi, these values can now be set in Equation [43] to 
give 


108. 
Ms = 0.3368 m Qi'/? = 0.3368 = 6.30 f k'/? 


1/2 Jala 
= 91.6 i 


ea eeeseoen 
which is most important in showing the bearing which the fac- 
tors f, k, and m have on the specific speed. 

First consider f. Although increase in D, decreases the unit 
discharge, a larger hub is ordinarily to be preferred because of the 


a 
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difficulty in designing the blades near the hub if it is too small. 
Even though meeting these conditions by improving the design 
at this part of the blade is a means of securing higher unit dis- 
charge, and therefore more power in a given space, let us for the 
present consider f as fixed at representative average value of 
0.75. 


In which case 


Fic. 18 Grnprat VELociTy DraGRAM FOR AN AXIAL RUNNER 


mu for its equivalent in Equation [21] and making use of Equa- 
tion [55], and removing the factor uw from the parentheses, we 
have 


gil M Uperi 
i AEDES PEG RS ary warm [56] 
which after dividing by u may also be expressed as 
= ee (57) 


28 V (ax/Uperi)? + (1 — m/2 — s)? 


Keeping now in mind that by definition k = vax/2gH:, which 
transposed is vax = k 2gH:, and also that u? = gH:/m, the right- 
hand sides combined give 


ae SSE DICAN « Sey beePS <tr e [58] 
Substituting in [57], this leads to 
cl m 
25 /2km ea m/seages eee [59] 


By transposing Equation [52] 


k may be replaced and [59] may now be rewritten 


ol 


m 
Sy 1 
28 2(ns/79.4)4m® + (1 — m/2— 8)? ie 


It is desirable to show graphically the meaning of these equa- 
tions by a velocity diagram that is made dimensionless by simply 
dividing all vectors by wpe as in Fig. 19. It will be seen that 


Yang p — Vtang « Of Fig. 18 become simply m. In the same way 


!  ‘Vtang e becomes s, while vax becomes Vax/Uperi. By taking the square 
root of Equation [58], this is seen to be (2km)‘/*. 


: With s fixed, the locus of the left-hand end of the line m is a 
_ line perpendicular to the base line wperi/upei = unity. The 
locus of the right-hand end depends upon the specific speed, 
since Equation [60] may be written &k = (ns/79.4)4m?. Conse- 


quently, for a given specific speed, k is proportional to m?. 
Furthermore, as vax/Uperi = (2km)'/2, it is in turn proportional 
to m’/? , and so the lines of equal specific speed will have the form 
shown. It will be seen that this relation is independent of s, 
the significance of which will appear in the following section (6). 


Fia.19 Dimensionitess VELOCITY DIAGRAM FOR AN AXIAL RUNNER 
(Showing influence of s, m, and specific speed.) 


Such a dimensionless velocity diagram is useful in showing what 
restrictions will be placed upon the actual diagram by a definite 
value of specific speed. 

Equations [57], [59], and [61] also show that the three quanti- 
ties determining the characteristics of the airfoil section to be 
selected for a blade depend also upon these ratios k, m, and s. 
It should be remembered that the constants used have been based 
upon an assumption of an average value of f, and so apply only 
when f = 0.75. 

(b) Consideration of a Special Profile. 

There is now the question of determining which values of m, 
s, and k should be selected in order to secure both high efficiency 
and assurance against cavitation. The method of solution is to 
develop and analyze equations expressed in terms of these ratios. 
As far as the lowest pressure, which controls cavitation, is con- 
cerned, the same treatment will apply to both turbines and 
pumps, but the expressions for efficiency will be seen to differ. 

In the general formulas dealing with conditions conducive to 
cavitation, it is impossible to take into account all of the per- 
tinent details, principally because the relations of these details to 
the whole have so far not definitely been determined. Further- 
more, it has never been conclusively established that any one profile 
may be considered superior to all others with respect to cavita- 
tion. Therefore, it is necessary to consider in this discussion 
simply a profile which is known to have properties having a 
strong possibility of satisfying the requirements for good pres- 
sure distribution. It is possible that such a method of attack 
will not give very good efficiency for the first trial, but at least 
the results will be useful in showing the general relations and the 
underlying laws, and so serve as a foundation for further search 
for perfection. 

The profile proposed for consideration has a crescent shape. 
It is formed as shown in Fig. 20 by the arcs of two eccentric 
circles, and may be defined by three principal dimensions: 1, as 
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before, the length between two perpendiculars to the chord, but 
as we do not consider at first any rounding of the edges, 1 is 
actually the length of the chord itself; ¢, the thickness; and a, 
the altitude of a segment formed by the chord and a circle passing 
through the middle of ¢ at the center of the blade. As a andl 
define the radius of curvature, the ratio a/] may be considered as & 
measure of the curvature of the blade, and in like manner the 
ratio t/1 may be called the relative thickness. 

The property of this profile which is particularly interesting is 
that if it is exposed to flow parallel to the chord, so-called ‘‘shock- 
less approach,”’ the lowest pressure will occur at the center of the 
blade, and the pressure distribution will be similar to that shown 
in Fig. 5, which was contrasted with Fig. 4 to demonstrate that 
the maximum value of Ap for a given average can be smaller if 
the distribution is even. The pressure along the blade is given 
for three examples in the lower part of Fig. 20. One of these is 
contrasted with the pressure distribution of an actual airfoil 
having the same total lift, and the superiority of the crescent in 
this respect is readily appreciated. This is particularly desirable, 
for if the reduction of pressure is not only unnecessarily great, 
but also occurs near the leading tip, then in large propeller tur- 
bines the conditions are aggravated by the fact that this point 
of lowest pressure is by the very size of the runner raised con- 
siderably above the center line and so is at a point where the 
static pressure is already low. 
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Fic. 20 CrescentT-SHAPED PROFILE AND DIAGRAM OF PRESSURB 
DISTRIBUTION 


Such a profile is readily adaptable to theoretical computation 
of pressure distribution, which has later been verified by experi- 
ment, and it has been found that the lift coefficient ¢ in Equation 
[10] becomes 47a/l for shockless approach. Substituting then 
in the expression {ilbywo?/2g and setting b = 1, we have for lift 
per unit of breadth 


=a Oy Uet/ odie. aes neice [62] 


It is very interesting to note that in this particular case the 
l’s cancel, and so the lift becomes independent of the length of the 
chord. 
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In Fig. 20 the pressures have been given in terms of }, as is 
customary, as ) is useful in expressing the ratio between reduction 
or increase in pressure at various points and the pressure corre- 
sponding to the velocity of the approaching flow. For example, 
the pressure at the nose is always the stagnation pressure or 
exactly +1. The A for any point located at a distance of x 
from the trailing edge will be termed Xx. Furthermore, if the 
shape of this curve is the same regardless of the velocity of ap- 
proach, that is to say if the pressure at any point can always 
be expressed as a constant times the velocity pressure of the ap- 
proaching flow as long as the angle of attack is the same, then it 
follows that the ratio between dz and the lift coefficient ¢: is 
constant and may be designated by u. 


The lowest value of \, which may be denoted as Amin, occurs 
for this profile at the mid-point, and is of particular interest. 
Fig. 21 shows its value as computed for various degrees of curva- 
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Fic, 21 Lameppa as A Function or Lirt Conrricimnt ror SHOCK- 
Less APPROACH AND FOR VARIOUS THICKNESSES OF BLADE 


ture and for various thicknesses of blade. It will be seen that 
Amin increases practically in proportion to ¢, and that it is also 
affected by increasing thickness of the blade. Leaving strength 
out of consideration for the present, it is apparent that the 
average relationship between Amin and {1 may be represented ap- 
proximately by a straight line having a slope, which is the pu 
referred to above, of 0.8. Consequently, for this profile Amin 
becomes 3.27a/1l, which multiplied by ywm?/2g gives the mini- 
mum pressure on the blade with respect to the surrounding pres- 
sure, Wm how corresponding to the approach velocity vo. 


Te eo eA eed Merry) 
Poin min 29 MSL 29 = oT 1 
(c) Effect of m, s, and k on Cavitation. 
Having determined the properties of the special profile, it 
now remains to express the lowest pressure in terms of the ratios 
m, s, and k, for the assumed values for eSl and ». Only an out- 
line of the mathematics will be given on account of the lack of 
space. 
Inasmuch as \, for any given point, multiplied by the square 
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of the mean relative velocity, gives the depression below the 
mean pressure Pm/y, then 


AcWm? Pm 
2g ¥ ¥ 


for Pm/y may be written ps/y + (ws? — Wm)/2g — x, x being as 
before the vertical height from the suction side of the runner to 
the point of lowest pressure. 

It also is true that the pressure at the suction edge of the 
blades is equal to the barometric height H», minus the draft 
head, or lift, Hs, measured from the free water surface to the 
lower tip of the blade, again minus an expression which is equal 
to the efficiency of the draft tube es times the velocity head at that 
point. Thus 

2 
Ps ATT Aa Vax” Vtang s 
OY 2g 


and so by substitution and transposition, and because under the 
conditions where cavitation is just beginning, the lowest pressure 
is equal to the vapor pressure H,, we get 


x? a, ce 3” a Wm? 
Hy Hy H; v= € es ed Si Lh 
29 2g 
Az Wm 
See se ALS [67] 
2g 


This Equation [67] has been written so that the terms H, — 
H,— H, — «x, H. + « together being the draft head to the point 
of lowest pressure and commonly written just Hs, the point of 
reference usually being taken arbitrarily, stand on the left-hand 
side, so that when divided by A?.H, commonly called just H, 
they will equal the familiar expression for . Dividing the other 
side of the equation by the equivalent of A?’;H, which is equal to 
MUperi?/g, we have 


By a yee 
A.”?,H 
€s(Vax” =F Utang 2) ae (ws? = Wm?) + Az Wm? 


=o 68 
2M Uperi” [68] 
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Because the losses that occur in a turbine or pump have not 
been taken into account, which means that A,”’H has to be used 
instead of the total head H: as is customary in determining 2, 
and also because ideal conditions were assumed, such as sharp 
leading edges etc., it cannot be expected that the values that 
would be computed from Equation [68] and those which are 
later derived from it, would agree exactly with actual cavitation 
tests. Nevertheless, such formulas are useful in showing gen- 
eral relationships and the effects of variables upon 2. 

It is necessary to free Equation [68] from the terms vax, Vtang sy 
Ws, Wm, and rz. Ws” — Wm may first be eliminated by considera- 
tion of Fig. 18, whereby they may be reduced to the expression 


)g2 — 2= | 211 — — — pam 
w Wm E s) “| 3 


By substituting 2km for vax?/uUperi? and considering that vtang s2/ 
Uperi? is equal to s?, then 


Dace + Vrang P= (2km + 8?) Uperi? «sir tate Wealden Nalin [70] 


28 
Referring to Equation [56], we find that ¢ is equal to a ™ Uperi 


) divided by an expression which is equivalent to wm. It fol- 
lows that 
2 M Uperi 
Dz Led ae RE ER TARA eee meme 

: ho ary reais [71] 
| 
| Now finally 

wm = uV 2km + (1— m/2—s)?......... [72] 


_and so by these substitutions the basic formula is derived 
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Meal) Sa yp ee ; bere [73] 
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| It will be noted that there appear constants which must be con- 
' sidered as given: e. = efficiency of draft tube, which is not the 
i , same for pumps as for turbines; S = spacing between blades; 
1 = the length of the blade; » (as explained in preceding section) 
| = the ratio between Az and %, as well as the three ratios m, s, 
| and k, 

' has been computed for conditions which will be assumed for 
| the sake of demonstrating the effect of the ratios m, s, and k, 
}) not only upon cavitation but upon efficiency as well (see follow- 

Jing section (d)). 

| Three specific speeds have been selected, 125, 175, and 225. 
Inasmuch as it is well known from experience that with the 
higher specific speeds,it is necessary to incline toward narrower 
blades, two ratios of 1/S have been taken for each speed. Be- 
cause these are not the same for each, no final curves plotted as a 
function of specific speed will be shown for fear that they would 
give the impression that only one variable had been changed. 
These assumptions are: 


Specific Wider Narrower 
speed blades blades 
n 1/8 /s 
125 1.0 0.5 
175 0.9 0.45 

225 0.8 0.4 


Fig. 22 shows for ns = 175 the values of = plotted against s 
for constant m and gives the picture for turbines and pumps with 
both wider and narrower blades. It should be noted that as 
> decreases with lower values of m, s does not change greatly. 
It is furthermore interesting to see that 2 continues to decrease 
with diminishing m, so that there is no optimum value of m as 
far as cavitation is concerned. The same was found to be true 
with both the higher and the lower specific speeds, and so it is 
impossible to show the effect of changing speed for best conditions 
of cavitation. The effect will be shown later when the best m 
for efficiency has been determined. 

Comparison of the four panels shows plainly that narrower 
blades are conducive to cavitation and that conditions for pumps 
are more severe than for turbines. 

(d) Influence of m, s, and k on Efficiency. 

As previously mentioned, the question of efficiency for pumps 
and turbines must be treated separately. Therefore, distinct 
sets of equations will have to be developed to suit these two 
cases. In general, however, it may be said that the total losses 
consist of three parts: (1) the loss in the suction line or draft 
tube, (2) the loss in the runner itself, and (3) the loss in the 
diffuser, or in the scroll case and distributer. Inasmuch as head 
loss has previously been designated by Hy, these three compo- 
nents will be given appropriate subscripts, Hy:, Hyr, and Hyp, 
respectively. 

In computing Hy:, the difference between pumps and turbines 
is based upon the fact that in the former the flow is accelerated, 
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whereas in the latter the kinetic energy must be converted into 
pressure. This process is more difficult and the loss is always 
greater. 

For pumps, the loss at entrance under favorable conditions 
could not be expected to exceed that of the good nozzle, which is 
but a few per cent of the velocity head, v.?/2g. Thus Hy, may be 
expressed in terms of a constant cs times the square of the axial 
and tangential components cs (vax? + Vtang ”)/2g. For vtang 0? 
may be written u?s?, whereas for vax? may be written 2kmu?, so 


Hys = Cs tperi*(2km +- 8?)/2g............ [74] 


In the case of turbines, it is only necessary to substitute in 
place of cs, in Equation [74] the expression 1 — es, es being draft- 
tube efficiency referred to in the section on cavitation. Thus 


Hye = (1 — €e)Uperi?(2hm + 8?)/2g.......... [75] 


It may be a question whether e, may be assumed to be con- 
stant for all values of whirl at the outlet of the runner. This 
certainly would not be true for any tube selected at random, but 
experience has shown that at least for small values of s the draft 
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Fig. 22 


tube efficiency can be the same as, or even a little better than, 
that for a straight axial flow. The author in his laboratory at 
Karlsruhe, Germany, has had experience with a special form of 
tube used with a Kaplan runner and investigated by Dr. Kri- 
sam.(12) This tube had an extreme amount of flare, being much 
shorter and more spreading than those proposed by Moody, and 
was especially shaped to avoid the amount of excavation re- 
quired for an elbow tube. The results compared very favorably 
with the straight conical tube that was selected out of a series of 
five as being the most suitable for this particular wheel. It 
showed better efficiency than the elbow tube, and in extreme 
cases of whirl it was even better than the straight conical tube. 

On the basis of this experience it may be assumed that if the 
turbine is not too small, es may be considered to be a constant and 
to have a value of 0.875. 

Consider now the losses in the runner itself which are caused 
essentially by the work absorbed in overcoming the drag of the 
blade passing relative to the water with a velocity of wm. The 
work lost in the incremental layer at the periphery is therefore 
dDwm and must be supplied by the partial discharge passing 
through this incremental layer in the space between a single pair 
of blades. This discharge is therefore vax y S dr, and the head 
loss is Hy,. Consequently, 


PHO 3 SopNeh hlehis as Aaya oer 
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Recalling Equation [13] for dD, which multiplied by wm gives 
dDwm = taldrywm3/2g = yvaxSdr Hyr....... [77] 


™ 
canceling y and dr, and by setting wm? equal u* [2km +- a1 — 3 


— s)?]*/? and vax equal uw. 2km, then canceling u, Hyr may be ex- 
pressed 
ta 1 Uperi? [2km + (1 — m/2 — s)2}*/2 
a V/ 2km 


This applies for turbines or pumps, except that for pumps fa 
must be assumed to be slightly higher than for turbines. Fair 
values may be considered approximately 0.015 and 0.010, re- 
spectively. 

On the pressure side the losses again differ for a reason which 
corresponds with that given for the suction side, but reversed. 


Hy 
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Recapitulating, formulas [74], [78], and [79] may be combined 
and divided by A.”H on one side and by its equivalent m Uperi?/g 
on the other side, and then written in the form 

Hy  —ca(2hm+s%) fa 1 [2km + (1—m/2—s)?]}”? 


AvH 2m Om S V 2k 


ESS? lola (en [81] 


2m 


_ 


In like manner Equations [75], [78], and [80] may be combined 
and written in the form 


H, 1—es 2k 2 
fi (1 —es)( mens) as 


APH 2m 


$a Ll [2km + (1 —m/2—s)?]"2 
2m 8 ~/2km 


+ = [2km + (6 +m) eee. [32] 
1m 


These formulas give the losses in per cent of the 
head effectively used so that appropriate adjust- 


ment must be made to express these losses in per 


cent of the total head H:. Remembering now 


that for a given specific speed, k may be re- 


placed by (n/79.4)4m2, and so given the n, and 1/S, 


the losses may be computed for various combina- 


tions of mands. This has been done for three spe- 


cific speeds using the same blade width J/S as in 


the previous section on cavitation. 
The results for specific speed of 175 are presented 


in Fig. 23, which shows the losses for turbines and 


pumps having 1/S of both 0.9 and 0.45. It will be 


noted that all of these curves have a minimum for 


some s, and that for a combination of m and s 


the best conditions, as far as efficiency is concerned, 


are found asillustrated by the minimum of the dotted 
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The same design of water passages that are used for turbine 
draft tubes might be used for pumps except that commercially 
it would not be possible to sell them with the size of diffuser that 
would be required. There is less incentive in this direction in 
the case of higher head pumps with longer pipe lines because the 
high velocity of discharge may be used to save in the diameter of 
the pipe line. In such a case it is not fair to charge against the 
pump the entire loss corresponding to the high velocity of dis- 
charge, but for the purpose of this paper, which deals primarily 
with low-head design, it will be considered that the discharge line 
is short and that it would be desirable to reconvert as much kinetic 
energy as possible into head. Consequently, it will be assumed 
that the efficiency of the diffuser is 0.80. 

From Fig. 18 it will be seen that the discharge velocity squared 
vp? is equal to vax? + (Superi + MUperi)?. Multiplying the entire 
expression by wperi? and dividing each term individually by the 
same, and then replacing by their equivalent in terms of s, 
m, and k, gives 


tee 8) Uperi® [2km + (s + m)?*]...... (79] 


For turbines the expression is similar except that in place of 
1 — ep a coefficient corresponding to that used for the suction 
line of pumps, cp, must be used. Thus 


Hs z Aipaa® (Qh or Cehenanyey eee ee [80] 
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curve passing through the minima of the individual 
curves. The same was done for specific speeds of 
125 and 225, the results being shown in Table 1. 


TABLE 1 VALUES FOR MINIMUM LOSSES (IN PERCENTAGES) 


——— Turbines Pumps: 
ns /S Losses m 8 Losses ™m 8 
125 10 9.2 20.0 16.4 16.6 23.6 0.4 
0.5 6.8 17.5 13.5 12.8 21.0 —4.6 
175 0.9 13.9 13.2 16.5 24.6 13.9 bert 
0.45 10.0 12.4 9.4 18.0 12.6 2.0 
225 0.8 19.2 9.5 15.0 31.8 9.8 8.6 
0.4 14.2 8.5 10.0 23.5 8.7 4.5 


It should be noted that for higher specific speeds there is a 
tendency for the losses to increase in spite of the beneficial effect 
of the narrower blades. The best value of m decreases with 
increase in ms, whereas the whirl s is inclined to increase with 
pumps, but shows no marked tendency for turbines. Further- 
more, it is interesting to see that for the lower specific speeds 
and narrower blades there is an advantage in having the flow 
approach the pump with a negative whirl. 

It must be remembered that when the crescent profile was 
proposed it was not expected that good efficiency could be se- 
cured at the first trial, and so it should not be assumed from the 
table that the values for losses represent by any means the best 
that can be expected. This table is simply to show the general 
tendencies. Furthermore the curves do not represent the per- 
formance that any one runner will give, as it is necessary to alter 
the design to correspond with the changes in the velocity dia- 
grams. 

(e) General Discussion and Conclusions. 

Returning now to Fig. 23, comparison between the four panels 
shows plainly that in general the losses in the case of a pump — 


' for the wider bladed turbines. 
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are greater than those for a turbine. As explained before, this is 
largely because adequate diffusers cannot be provided at reason- 
able cost. It is also plain that in both turbines and pumps the 
narrower blades are more conducive to higher efficiency. This 
| should now be contrasted with Fig. 22, which shows the values of 
| = for these same conditions. In this respect wider blades are 
more advantageous, since the narrower blades are more conducive 
to cavitation. Consequently, it is necessary to strike a compro- 
mise sacrificing to some extent efficiency for the sake of better 2. 
__ In order to give a better idea how Figs. 22 and 23 may be co- 

ordinated, the corresponding values of losses and = have been 
listed for various combinations of m and s, the data being taken 
Curves for constant m showing 
> plotted against losses are shown in Fig. 24. It will be seen 
from this diagram that if the designer could assign a compara- 
- tive value between depth of excavation required to satisfy = 
' and the capitalized value of loss in efficiency, it would be pos- 
. sible to arrive at the economical solution in the manner indicated, 
. and so determine the proper m and s to suit the conditions. It 

' would be necessary then to investigate for various ratios of 1/S 
to be sure that all variables are properly balanced to give the 
best results. 

Now that the results showing the proper combination of m and 
8 are approximately known, it is interesting to see the effect of 
'. specific speed upon 2. In preparing Fig. 25 the m that would 
probably be selected as a compromise between cavitation and 
efficiency has been bracketed by two values between which the 
most economical may be considered to lie. This was done for 
each specific speed, and examination of the diagram shows plainly 
that with higher speed the value of 2 increases very materially, a 
fact which adds greatly to the cost of setting. It is interesting 
to note that at the same time the design becomes more sensitive 
to having the proper component of whirl, and although the 
broader blades have their best value of s at approximately 5 
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Fig. 24 CoMmMproMIsE IN SELECTION OF m BETWEEN EFFICIBNCY AND 
CAVITATION 


per cent, the narrower blades require that the whirl should be 
increased. 
___ In the interpretation of these curves it should be borne in mind 
that they have been worked out for one profile for which the ratio 
Amin to lift coefficient & is 0.8. These calculations may be ap- 
plied to another profile providing this ratio is substantially con- 
stant. Equation [73] shows that if 1 can be made smaller, = 
will be affected favorably. Therefore, there is a distinct ad- 
vantage in finding a profile which will have a very even distribu- 
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tion of pressure similar to that shown in Fig. 5. The foregoing 
suggests that the solution may be in finding a blade shape that 
will have a constant or nearly constant rate of change of whirl 
component. 

Although these curves have been worked out for a special pro- 
file, it should be considered that as long as the distribution of 
pressure in terms of Vo?/2g is independent of the approach ve- 
locity itself, then there is a constant ratio » between the pressure 
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at any point and the lift coefficient. Consequently, as long as 
the angle of attack a is maintained by the alteration of the 
position of the blade to suit the changing angle Bm, then the 
method outlined is general and might apply to any profile. 

As a further refinement, it must not be overlooked that the 
point of actual lowest pressure on a runner, particularly one with 
large dimensions, may not be identical with that corresponding 
tO \min because pressure is decreased with increase in the distance 
x above the lower tip of the blade. Consequently, it may be 
necessary to determine the pressure of points slightly above 
the one where the lowest pressure would otherwise be expected.® 


8 Investigations are at present under way at Karlsruhe to deter- 
mine the effect of the shift of the point of lowest pressure with change 
of scale. This shift, the amount of which depends upon the char- 
acteristics of pressure distribution, is one of the principal uncer- 
tainties in transferring cavitation results from models to prototypes. 
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While making calculations for the results shown in Figs. 22 
to 25, the effect of friction upon s was very impressive. It be- 
comes evident that when friction is but a small part of the losses, 
there is little interest in increasing s, but when friction is high, it is 
better to sacrifice loss from increased kinetic energy at the suction 
side of the runner in order to reduce the relative velocity which 
affects the friction loss in proportion to the square. This 
opinion was expressed by the author in his lecture before the 
Hydraulic Power Committee of the National Electric Light Asso- 
ciation, February, 1932,(13) although at that time quantitative 
results were not shown. The value of whirl in the draft tube 
was realized previously by Moody. (14) 

From the fact that high friction tends toward high values of 
s, it may be deduced that the presence of high whirl when a unit is 
operating at point of best efficiency is an indication of high fric- 
tion and possibly defective blade profile. 

It would be interesting to continue these mathematical investi- 
gations to analyze the conditions in the inner layers of the tur- 
bine, but to do so is beyond the scope of this paper. It is hoped 
that the studies that have been made so far will prove useful in 
emphasizing the underlying principles that must be observed if 
successful design is to be secured by means other than by trial 
and error, an evolutionary process that is costly and time con- 
suming. 

In conclusion the author would like to leave the impression 
that the attractive advantages of higher specific speed, which 
open the possibility for hydro development in fields that other- 
wise would be closed, are going to create a demand for further 
achievement. It will be appreciated, however, that the prize is 
not easily won, for with higher speeds the design is exceedingly 
sensitive to having the proper conditions in every respect. To 
realize these advantages it is therefore very necessary that we 
should seek a better knowledge of the problem and solve one by 
one the many unknown factors that have been enumerated in this 


paper. 
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2 Schilhansl: ‘Fragen der neuen Turbinentheorie’’ (Problems of 
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“Cavitation Phenomenon in Hydraulic Turbines,’’ Escher Wyss 
News, publication No. 2. Both articles referred to in Mechanical 
Engineering, July, 1928. 
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Tubes: 

1. Busmann: ‘‘Arbeitsstroemung einer Propellerturbine”’ (Effec- 
tive Flows Through a Propeller Turbine), V.D.I. Forschungsheft, No. 
349. 
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3 Krisam: ‘“Versuche und Rechnungen zum Kavitationsprob- 
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Norts: This bibliography is necessarily incomplete, and drawn from 


sources nearest at hand. For a more complete list of references, see Engi- 
neering Index. 
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SYMBOLS 


For convenience, the symbols used in this paper have been listed 
in alphabetical order. 


area, sq ft 
projected area, sq ft 
altitude of segment formed by chord and mean circle of crescent 
prone: ft 
readth, ft 
coefficient of discharge applied to intake of pump and distributor 
of turbine 
center of gravity 
drag, lb 
(also) diameter of runner, ft 
diameter of hub, ft 
sign of differential 
force, lb 
ratio D2 — D}2/D? 
acceleration of gravity, 32.2 ft per sec? 
specific energy per unit of weight, ft 
head lost through friction, etc., ft 
head lost at suction, ft 
head lost in runner, ft 
head lost in diffuser or scroll case, ft 
horsepower, ft-lb per sec + 550 
H. — Hu, total head, ft 
net or effective head, ft 
Sees of point of pressure measurement, feet above datum 
plane 
pr between velocity head at suction side of runner and effective 
ea 
lift, lb 
length of blade between two perpendiculars to the chord, ft 
ratio between change of tangential velocity and velocity of 
runner 
number of revolutions per minute 
specific speed, rpm 
pressure, lb per sq ft 
differential pressure, lb per sq ft 
minimum pressure, lb per sq ft 
quantity of water, cfs 
radius, ft 
radius center of gravity to center of shaft, ft 
spacing, or pitch of runner blades, ft 
ratio tangential velocity at suction to speed of runner 
torque, lb at 1 ft radius 
thickness of blade, ft 
tangential velocity of a point on the runner, ft per sec 
absolute velocity, ft per sec 
velocity of approach to fixed profile, ft per sec 
quantity of water, lb per sec 
relative velocity, ft per sec 
height of runner from suction to pressure side measured perpen- 
dicularly to direction of motion 
distance measured along X from suction side, ft 
number of blades 
angle of attack, deg 
angle formed by flow approaching or leaving the runner with 
reference to direction of motion, deg 
density, or specific weight for water, 62.4 lb per cu ft 
difference 
efficiency, per cent 
drag coefficient 
lift coefficient 
angle formed by chord of blade to direction of motion 
ratio pressure at any point on the blade to velocity pressure 
corresponding to vo 
ratio A/f1 
cavitation coefficient 
ratio of velocity of point on periphery of runner to spouting ve- 
locity corresponding to total hea 
= angular velocity, cu ft per sec 
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Discussion 


Arnoup Prav.?, Much was published shortly before the out- 
break and after the stagnation caused by the World War about 
turbines of high specific speeds. Theories were advanced which, 
on practical application, failed to bring about the expected and 
desired results. Again results obtained in a rather empirical 


9 Consulting Engineer, Milwaukee, Wis. Mem. A.S.M.E. 
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manner were explained by theories of which one could not but 
gain the impression that the theory was made to fit the results, 
rather than to produce results. 

The actual results obtained by Prof. Dr. V. Kaplan abroad and 
simultaneously to some extent by Forest Nagler in our country 
were gratifying and certainly most valuable for practical applica- 
tion, yet the writer personally was not satisfied to accept them 
without having at least in a simple, practical way an explanation 
of what is actually taking place in a propeller runner. 

Prof. Dr. Hans Baudisch, of Vienna, published in 1914 his 
theory of the so-called suction-jet turbine, which appealed to 
the writer as having real merit. Unfortunately, a runner de- 
signed purely along his principles did not perform correctly, be- 
cause it neglected other more practical factors, the effect of 
which was fundamental. 

In Prof. Dr. Baudisch’s axial-discharge suction-jet runner 
he attempted to compel the water to decelerate in its relative 
flow through the runner channels. These flared too much, be- 
cause too short; the water could not decelerate as fast, with the 
result that it cut loose from the walls of the channels; or in other 
words, it did not keep the channels filled, so that the desired 
deceleration and subsequent suction effect did not materialize. 
The old relation: 


W.2 — W,2 = C2 < 0 
defining the so-called reaction velocity, or reaction pressure 
Cn2 9 
2g 


Pp 


did not apply, because W, did not become smaller than W;. No 
negative pressure p, was produced, so that neither speed nor dis- 
charge capacity came up to expectation. 

In a propeller runner, and particularly in one of a projected 
blade area smaller than the full circle area, we cannot deal with 
actually existing runner channels, because the lower end of one 
blade does not overlap the upper end of the preceding blade. 
Consequently, we cannot speak of a relative discharge angle in 
the sense in which it would permit the use of our old customary 
velocity diagrams. It is here that a pictorial explanation as- 
sisted the writer in obtaining a clearer conception. 

How does the water flow, and in what manner does it leave the 
propeller runner? At the time of his studies in 1916, there was 
no means of obtaining the stroboscopic pictures which are now 
available. The writer’s studies convinced him, however, that 
the most vital process takes place ‘‘not within but below” a pro- 
peller runner. This at once pointed to the fundamental diffi- 
culties to be encountered in the use of a propeller turbine. It 
deals with negative pressures, which naturally are limited to the 
barometric value, whereas overpressure, in case of the reaction 
turbine, and atmospheric pressures, in case of the impulse wheel, 
never become negative, no matter how high the head may be. 

Again using the old relation: 

W.? — Wi? = C,?, or a Dp 
we have: 

Reaction turbines: W2? — Wi? = Cp? >0; pp > 0 
Impulse wheel: W2? = Wi2; Cp = 0; Dp = 0 
Propeller turbines: W2? — Wi? = C,?<0; pp <0 
Taking the values of the coefficients of the diagram 


Ww 
Ww, ay ——=) ete. 


ogee 1 
2 = 7 j= 
V/ 2gH V 2gH 
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we find at once: 
2gH(W2"* — Wr?) = 2gHC,"* = bpp H 


from which we conclude that in the case of the propeller (or the 
suction-jet turbine directly applicable to Professor Baudisch’s 
theory) the value 


opp H<0 


can attain, or even would exceed the barometric limit B. 

This immediately points out the danger of failure of perform- 
ance of a propeller turbine, when used to operate under a too 
high head or a too high elevation above sea level (B’), or by rea- 
son of design of a too great hydrodynamic suction effect pp, 
aside from the effect of the draft tube. 

It may be permitted to state that it was the realization of these 
effects which prevented the application of the propeller in cases 
where failure of satisfactory performance would have been cer- 
tain. 

In the writer’s paper, entitled ‘“‘Permissible Suction Head of 
High-Speed Propeller Runners,’ A.S.M.E. Trans., HYD-51-9, 
he has fully explained what in his opinion actually takes place 


underneath a propeller runner. Fig. 26 is a reproduction from 
the cover of the March-June, 1931, bulletin of Escher-Wyss & 
Co., Zurich, Switzerland, and plainly discloses the “‘hypothetical 
channel,’ with its contraction and subsequent expansion, re- 
sulting in a deceleration of the relative water velocity and of the 
“surface of discontinuity.’ The irregularity of this surface as 
evidenced is caused by the interference of the angle at the top of 
the propeller blades and the actual stream-flow lines of the ap- 
proaching water, as also by the shape of the rear surface of the 
blade, and it clearly supports the necessity of adjusting also the 
runner blades in order to maintain a most favorable efficiency 
throughout, all as introduced by the design of Prof. Dr. V. Kap- 
lan’s adjustable-blade propeller. 

The more nearly the stream-flow lines correspond with the 
angle and the more the rear surface of the blade conforms to the 
conditions of a correct diffuser, the more perfect will be the 
“hydrodynamic suction” effect pp; the smoother also will be the 
surface of discontinuity and the farther removed will be the dan- 
ger of cavitation. 


W. Warrrrs Pacon.!° The paper gives a clear and compre- 
hensive discussion of the general principles of turbine and pump 
design and the problems awaiting solution in this field. The 
suggested use of higher specific speed as a result of better under- 
standing of flow phenomena is interesting. 

In aerodynamics there has been accumulated a vast amount of 
knowledge and data that should help greatly in the hydraulic 
field. The boundary layer, turbulence, form drag, viscous 
flows, and other general questions are coming to be understood 


10 Consulting Engineer, Baltimore, Md. 


much better. The aerodynamic research worker has gone back 
to Osborne Reynolds’ methods and followed new paths. The 
problem of similitude between model and prototype involves 
similarity of geometric flow as well as of body, and the character 
of flow has been found to vary systematically with Reynolds’ 
number, but also with such factors as turbulence, roughness, eddy 
formation, etc. As the author’s work continues, it is the writer’s 
belief that he will come in time to consideration of the theory of 
discontinuous flow. The author’s work in his laboratory at 
Karlsruhe has already produced valuable results. 

The writer has found evidence of the effects of turbulence and 
what in aerodynamics is called “‘burble,”’ and apparent evidence 
of radial flow which may be associated with the varying circula- 
tion along the blade which in airplanes causes ‘‘induced drag.” 

The writer hopes that this paper will stimulate research and ex- 
periment looking toward the elimination of cavitation and the 
improvement of efficiency. 


R. E. B. SHarp.1! The writer believes that this work will 
stand as a most important advance in rationalizing the design 
of turbine and pump runners of high specific speed and that it 
deserves careful study. A valuable feature is the consideration 
of both the practical and theoretical aspects. The writer would 
make the following comments: 

As to sections 7 and 8, the writer agrees with the importance of 
establishing the best form of blade for a given layer or section 
through the runner, in order to set up as uniform a value of pres- 
sure distribution AP as possible, in this way establishing the 
correct form of the runner blade at this section. 

Whether the correctness of these sections, as demonstrated by 
tested values of AP, obtained from stationary blades, can be thus 
established as holding true also for revolving blades, as in an 
actual runner, would appear to be somewhat open to question, 
although this method of analysis is undoubtedly of considerable 
value in view of the impossibility of determining this pressure 
distribution in an actual runner, as pointed out by the author. 

The author states that, among other incidental problems, is the 
influence of the design and location of the guide vanes on the 
manner in which the whirl moment ?iang 7 varies across the space 
between the runner periphery and the runner hub. The writer 
is of the opinion that the manner in which this whirl component 
is distributed is of great importance as affecting decidedly the 
design of the runner blades across this space, in order to deal 
properly with the true values of the whirl moment. Not only 
is it important to consider the design and location of the guide 
vanes actually to be used, as affecting the whirl component on 
the pressure side of the runner, but it is also equally important to 
know the characteristic of the draft tube to be used, as affecting 
the manner in which the whirl moments at the runner discharge 
vary across the radial blade space. Unless some definite informa- 
tion about the foregoing effects of the guide vane and draft tube 
are known, the highest runner efficiency possible cannot be ob- 
tained by knowing the proper blade shape at a given layer or sec- 
tion. 

In section 9 (6), a crescent shape of blade, as illustrated in 
Fig. 20, undoubtedly has distinct advantages theoretically, in 
maintaining a low value of AP maximum. For the central 
portion of the blade, that is, between the periphery and the hub, 
this shape, for the reasons set forth by the author, might well 
be used as a guide. At the periphery, however, the blade shape 
is virtually straight, that is, a/l will be very small, and R, will 
approach a straight line. Here, if the low-pressure side of the 
blade is formed by a radius R:, either the thickness ¢ will be un- 
duly great (resulting in reduced lift) or else the blade at each end 

11 Hydraulic Engineer, I. P. Morris Division, Baldwin-South- 
wark Corp., Philadelphia, Pa. Mem. A.S.M.E. 
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will be too thin for strength and construction. Therefore, for 


__ this portion of the blade a profile approaching the airfoil appears 


reasonable. Near the hub, on the other hand, the relatively 
great value of ¢/1 demanded by strength considerations requires 


-. that the crescent shape be departed from, and that the maximum 
' 4be near the leading edge in order to give proper streamline shape 
to the trailing edge. 


This again results in a shape approaching 
the airfoil. 

In Table 1 it is noted that there is no tendency for the dis- 
charge whirl ratio s to become less with reducing values of spe- 
cific speed. In fact, the value of s is greatest for the lowest spe- 
cific speed selected. It is the writer’s experience with both 


_ propeller and Francis type runners that there is a marked reduc- 


tion, for best efficiency, in this value of s with lower specific 
speeds, this value becoming zero at a specific speed of about 27, 
and below this value becoming negative. It is noted that for 
pumps in the author’s table this tendency does exist. 

Figs. 22, 23, and 25 are most interesting as forming a rational 


guide (for confirmation by actual tests) for the selection of the 


controlling factors in the design of higher specific speed runners, 
namely, m, which varies inversely with ¢2, and s, the whirl factor 
at the runner discharge. These figures, however, are for one sec- 
tion or layer of the runner only, and the departure of the blade 
profile at other sections, from the crescent shape, might result 


ina materially different picture, for the entire runner, from the 


relations shown. 

The author does not bring into his calculations the number of 
runner blades. This factor of course has a very decided effect 
on the efficiency secured. With a given value of //s, the number 
of blades determines the axial depth of the profile and the rate of 
change from Utang p tO Ytang ». Therefore an added factor dealing 
with the number of blades would add to the usefulness of these 
data. 


J. D. ScoviuiE!2 anD Henri Dration.!3 The paper presents 
a number of interesting and useful formulas dealing with the 
design problems of pumps and turbines. The author has shown 
how the theory of Euler can be combined with the airfoil theory. 
The theory of Euler when properly used gives the correct en- 
trance and discharge angles for a runner having an infinitely 
large number of blades of infinitesimal thickness. It does not 
give the proper shape of blade for the practical runner, which 
must have a few blades of considerable thickness. As the author 
states, the blades on the practical runner must have somewhat 
greater curvature than the theoretical runner. It is possible 
that by means of the two theories the correct angles and shapes 


' may be found to give the maximum efficiency with the minimum 


danger of cavitation. 

For a turbine, H, — H, in Equation [5] is the actual head work- 
ing on the runner, from which must be subtracted the head lost 
in friction. In Equations [5] to [7] it is evident that it is the 
author’s intention to introduce the friction, but they are not en- 
tirely clear. The friction factor in [6] should be the loss in the 
runner only and not Hy, which is the sum of Hys, Hy, and Hyp. 

In combining this with the airfoil theory, the author states that 
it is customary to neglect the effect of drag in computing the 
component, since it is only 1 or 2 per cent of the lift. Is this 
justifiable? The tangential component of the drag is much larger 
than 1 or 2 per cent of the tangential component of the lift, and to 
neglect it may introduce an appreciable error. The error is large, 
especially at the periphery, where the blade angle is small. 

The author states that in an ideal fluid the lift is the only re- 
action acting upon the wing or blade. All forces can be resolved 
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into components parallel and perpendicular to the chord of the 
wing. For the drag to be zero, the parallel components must 
balance. Can this be true? 

The writer agrees that the knowledge as to the correct dis- 
tribution of velocity within the runner is rather meager and that 
here is a field for considerable research. This lack of knowledge 
is a weak point in all turbine theories. How does the author 
arrive at the curve of theoretical velocity distribution shown on 
Fig. 13? 

From formulas [25], [29], and |30] the author designs the 
blades on the assumption that there are an infinite number of 
infinitesimal thickness. He then shows in Fig. 16 that when the 
blades are few in number they must have more curvature than 
the theory would indicate. How does the author estimate the 
correction in curvature? 

In Fig. 20 the author compares the pressure distribution of the 
crescent shape of blade with that of an actual airfoil having the 
same lift and states that the superiority of the crescent is readily 
appreciated. How do the lift-to-drag ratios of these two forms 
compare? What are lift coefficients of the two sections? 


AuTHOR’s CLOSURE 
(Written at Karlsruhe in December, 1933.) 


In order to answer the different writers, the following remarks 
may be permitted: 

Mr. Pfau’s statement that “the more the rear surface of the 
blade conforms to the conditions of a perfect diffuser, the more 
perfect will be the hydrodynamic suction effect,” does not, in the 
author’s opinion, meet the real conditions of turbines. In each 
turbine, even in a propeller or Kaplan turbine, the relative 
flow between two adjacent blades is accelerated, and therefore 
may not be compared with a flow through a diffuser. Further- 
more, the formation of surfaces of discontinuity should be care- 
fully avoided, which undoubtedly is possible by providing shock- 
less entrance and by proper shape of leading and trailing edges. 
The author’s developments presume these conditions to be ful- 
filled, so that the lowest pressure is caused by the unavoidable 
deflecting effect, which is conducive to an unavoidable differ- 
ential blade pressure. 

Generally it must be realized that danger of cavitation also 
exists for turbines of low specific speeds when being used for high 
heads. These turbines simply have a smaller critical value 
of 2. 

Mr. Pagon mentions the theory of discontinuous flow. Un- 
fortunately, the author is not quite sure what he really means. 
On the other hand, the author is quite aware that the ideal 
flow he pictures for carrying out his calculations is not exactly 
existing. But experience strengthens his opinion that the 
ideal flow is a very good background for fundamental considera- 
tions and that turbulence plays very often only the part of a 
factor of correction—and that the more, the higher is the Reyn- 
olds number. 

The induced drag, so important for the theory of airplanes, 
comes into consideration with respect to turbines—provided an 
ideal flow is assumed—only when the flow through the gaps 
between the blades and the curb ring and the hub is discussed, 
or when conditions of partial load are to be studied, or when it 
is not possible to arrange the guide vanes for generating a uni- 
form whirl moment. 

Mr. Sharp’s comments deal with a number of uncertainties 
that the author himself has pointed out. Especially he feels 
that the developments of the author, when carried out for the 
entire runner, not only for the outer layer, would result in a 
different picture. The author quite agrees, but unfortunately 
has had so far no time to develop the methods in question for 
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a whole runner. In one of the next volumes of the transactions 
of his Institute at Karlsruhe (Mitteil. Institut) he expects to 
be able to do so. 

In using well-known airfoil profiles great care must be taken 
to avoid local cavitation. Profiles advantageously applied to 
airfoil design often show comparatively thick forms of the lead- 
ing edges, which, in the flow of a compressible medium, do not 
do any harm so long as the local surplus of velocity does not ap- 
proach the velocity of sound, whereas in an incompressible fluid 
they very soon may create local cavitation. The author pre- 
fers forms of leading noses like hatchets with edges rounded only 
a little. (See reference E1.) 

The number of blades is not determined by the author’s 
calculations. Only the ratio I/s comes: into consideration. 
In other words, the theory does not answer the question whether 
a fixed ratio I/s should be secured by a smaller number of longer 
blades or a greater number of shorter ones and which way is more 
favorable for high efficiency. The answer can be given so far 
only by experience, but the problem is essentially influenced 
by the conditions of the mechanical design. 

Messrs. Scoville and Deglon do not agree with the author’s 
formula [5]. In fact, however, this holds true. The term 


Viang 1 Ui) /9 


(Oran 2 Us 


is equivalent to the work delivered by the shaft to the runner of 
a pump and, vice versa, by the runner to the shaft of a turbine. 
Therefore in case of a pump just this term must cover all losses 
except side friction of the runner, leakage, and mechanical 
Josses, whereas in case of a turbine a gross head must be avail- 
able to cover the above term and all losses except the afore- 
mentioned. 
In case of turbines the terms 


Vtang 2 U2 — Vtang1 UW and Hp = H, 
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become negative; so Equation [5] may be rewritten as: 
A, aa Hz = (Vtang 1 Uy — Vtang 2 Uz)/9g + Hy 


which is in accordance with the above. 

Neglecting the drag in computing the tangential component 
is possibly more the author’s own than a general custom. But 
if Messrs. Scoville and Deglon will calculate a very extreme 
case (for instance m=0.15, s=0, k=0.45), they will find that 
the effect of drag upon the tangential component is actually 
of the order of only a few per cent. ! 

In an ideal flow there is no drag at all, which will be under- 
stood by recalling that drag is a component not parallel to the 
chord of the profile, but to the oncoming velocity in case of a 
single wing and to the mean velocity in case of a series of blades. 
It is in this way that it is introduced into the author’s formulas. 

The diagram of Fig. 13 gives only a plot of the whirl moment 
corresponding to the desired and assumed plot of the differential 
blade pressure. These two diagrams (plotted against distance 
x) are entirely conformable to those of Fig. 16. How to form 
the blades for securing those distributions is explained in con- 
nection with Fig. 16. 

The distribution of velocity over the spacing between two 
adjacent blades can be computed theoretically so far only in a 
few cases by higher mathematical methods. Also the correction 
in curvature can be exactly determined only in a few simplified 
cases. The author, in Fig. 16, has estimated it by roughly com- 
paring the effect of a single airfoil profile under similar con- 
ditions. 

As to Fig. 20, it may be stated that with respect to drag the 
two profiles can be assumed to differ very little. A fair value 
of the ratio of drag to lift would be 0.015. 

The author wishes to express his sincerest thanks to the 
A.S.M.E. for the highly appreciated opportunity of discussing 
vital problems of hydraulic design with American engineers. 
Also he thanks cordially the engineers for their interest in his paper. 
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Determination of Initial Stresses by Measur- 
/ ing the Deformations Around Drilled Holes 


By JOSEF MATHAR,!? AACHEN, GERMANY 


Methods have been proposed for determining the in- 
_ herent stresses in structural components by disturbing 
their stress equilibrium through some mechanical de- 
vice and measuring the resulting deformations. This 
principle is the basis of the stress methods of E. Heyn 
and O. Bauer, the casting of stress grids for determining 
the tendency of various cast irons to develop stresses, 
and the drilling methods of G. Sachs. These methods 
have the disadvantages, however, that they can be suc- 
cessfully used only with specially shaped pieces (e.g., those 
with round or rectangular cross-sections), that every form 
of test piece requires another kind of injury and hence of 
calculation, and that the tested parts are rendered useless. 
In part, moreover, only mean stresses can be determined, 
which may differ greatly from the maximum stresses. 
The new test method, which seeks to eliminate these dis- 
. advantages, is likewise based on a disturbance of the 
equilibrium of forces, and is done by drilling a hole, which, 
however, is so small that the part can be used again. 
This method serves, among other things, for determining 
the inherent stresses in castings, welded parts, rolled 
structural shapes, and finished structures. 


the initial stresses in structural members, by disturbing 

their stress equilibrium through some mechanical device 
and measuring the resulting deformations. This principle is 
the basis of the stress investigations of E. Heyn and O. Bauer,’ 
the casting of stress grids for determining the tendency of various 
cast irons to develop stresses,? and the drilling methods of G. 
Sachs.4 The methods used have the disadvantages, however, 
that they work only with specially shaped pieces (¢.g., those 
with round or rectangular cross-sections), that every form of 
test piece requires a different kind of injury and hence of calcula- 
tion, and that the tested parts are rendered useless. In part, 
moreover, only mean stresses can be determined, which may 
differ greatly from the maximum stresses. 
The new test method, which seeks to eliminate these dis- 
advantages, is likewise based on a disturbance of the equilibrium 
of forces, and is done by drilling a hole, which, however, is so 
small that the part can be used again. This method serves, 
among other things, for determining the initial stresses in cast- 


\ YARIOUS methods have been proposed for determining 


1 Privat-dozent (assistant professor) at the Technical University 
in Aachen (Germany). Josef Mathar was graduated at the same 
institution; received the degree of Dr.-Ing. in 1924; was in charge 
of the structural department of the Aerodynamical Institute at Aachen 
under the directorship of Dr. Th. von Kaérmdén. He published a 
series of papers on problems related to the theory of elasticity, strength 
of materials, and airplane structures. He died on July 25, 1933. 
Paper translated by Th. von Karman. 

2 “Stahl und Eisen,” vol. 31, 1911, pp. 760-765. 

R. y. Steiger, Dissertation (Zurich, Gebr. Leemann, 1913); 
compare “Stahl und Hisen,”’ vol. 33, 1913, pp. 1442-1443. 
4Z. Metallkunde, vol. 19, 1927, pp. 352-357. 
Contributed by the Iron and Steel Division and presented at the 
Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THE 
Amprican Society oF MrecHANIcAL ENGINEERS. 
Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


ings, welded parts, rolled structural shapes, and finished struc- 
tures. 

In order to explain the fundamental principle, it is at first 
assumed that the part to be tested is very wide, and that it is 
subjected to a constant monaxial stress which is uniform 
throughout the thickness and has a known direction. A tensome- 
ter is then placed on this test piece in the direction of the 
stress. If a hole is now drilled between its foot points a and b 
(Fig. 1a), this hole will become an ellipse under the stresses and 
the distance between the points a and 6 will be changed—in- 
creased if the stress was tension, decreased if the stress was com- 
pression. If the relation between the change in this distance and 
the stress is determined by calculation or by a calibration test, 
then the stress in the test piece in the direction ab can be calcu- 
lated from the change in the distance between a and b. 
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Fig. 2 shows, by way of example, how the distance between 
the points a and 6 is affected by the penetration of the drill into 
the material. The shape of the drill, which largely determines the 
form of this curve, was determined experimentally to give the 
smoothest possible operation. When the tip of the small drill 
penetrates the test piece, the change in the distance must be 
extremely small, since the resulting conical hole is small and far 
from the points. It is still small when the cylindrical part of the 
first drili penetrates. When the main drill begins to cut, the 
change in the distance suddenly increases, as shown by the break 
in the curve. but then increases more slowly until the exit of the 
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main drill. Ina thick piece, the change in the distance approaches 
a limiting value, since the stresses which are liberated through 
the removal of material by the drill at some distance below the 
surface have no appreciable effect on the deformation at the sur- 
face. From this fact it follows that it is not necessary to drill 
clear through thick pieces to determine the stresses. Tests show 
that the depth of the holes need be only 1.5 to 2 times their 
diameter. 

In testing a piece in which the stress is known to be uniform 
with the depth, it is of course not absolutely necessary to plot 
the distance change against the depth of the hole. The total 
distance change at the end of the drilling is sufficient, although 
to be on the safe side it is always advisable to plot the whole 
curve. 
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Fie. 3 CaLipration Curve ror a Sort STEEL 


The basic principle of the test method is the same whether 
the change in the distance between the points a and b (Fig. 1a) 
or between the points a’ and e (Fig. 1b) is measured. In the 
latter case, if the point e were infinitely distant from a’, the 
distance change would be just half that between a and b. In 
practise, the point e need not be very far from a’, since most of 
the deformation is close to the hole. In the experimental ar- 
rangement this distance was 15 em (5.91 in.). 

If the test piece is subjected, not to a monaxial, but to a 
biaxial state of stress, then one measurement is not enough, 
and the deformation of the hole must be measured in three 
different directions in order to determine the magnitude and 
direction of the maximum and minimum principal stresses. If 
only one measuring instrument is available and it is known 
that the stress remains constant over a large area, three holes 
can be drilled in this area and measurements made on each at a 
different angle. 

If the stress varies along the depth of the hole, as in bending 
or surface stresses, the shape of the curve (Fig. 2) gives qualita- 
tive indications regarding these changes. For very thick parts, 
as for instance large rolls, the process gives no indications as to the 
stresses in the center of the rolls, since only the stresses near the 
upper surface can be determined. However, it is often possible, 
when the surface stresses are known, to make qualitative esti- 
mates about the size and direction of the stresses inside of the 
rolls, by taking into consideration the fact that the sum of all 
stresses and moments must be equal to zero. 

The diameter of the drill used in the test apparatus was 12 mm 
(0.472 in.). It might, of course, be larger or smaller. The 
upper limit is given by the requirement for the least possible 
weakening of the specimen, while the lower limit is determined 
by the accuracy and sensitivity of the measuring apparatus. 
For laboratory apparatus, the diameter could be reduced to 6 
mm (0.236 in.). This is.probably the limit, however, as with 
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smaller holes the magnification of the measuring instrument 
would have to be too large. 

After the test, a rivet or plug can be inserted in the hole, 
according to whether the hole goes clear through or only part 
way. A tightly fitting rivet will reduce stress concentration 
during subsequent loading, since the pressure of the rivet head 
around the hole will partially prevent the deformations which 
would occur with an open hole. The strength of the structure 
or the utility of the part will seldom be affected by the slight 
weakening produced by the test. If the test is made on a girder, 
for example, a 12-mm hole would have little effect in comparison 
with the many larger holes required for assembling. 

The calibration of the measuring device, i.e., the determination 
of the relation between the final elongation of the test distance 
and the stress, can be made once for all, for the principal ma- 
terials. So long as the stresses are less than 40 per cent of the 
proportionality limit, they are proportional to the final elonga- 
tions (see Fig. 3). For this range the calibration can also be 
made by calculation. Above this point it must be made by 
experiment. The fact that the stresses which can be calculated 
are so low is due to the high stress concentration at the edge of 
the hole. 

The calibration of the measuring device by calculation is 
based on a report by Kirsch,® who calculated the elongation of a 
hole in a member of infinite width in terms of the tensile stress, 
and on a report by Willheim and Leon,* who extended this 
method approximately to members of finite width. 

The experimental calibration can be made by mounting a 
broad flat plate with a 12-mm (0.472-in.) hole in a tensile ma- 
chine. Then a tensometer, preferably the one used in the hole 
tests, is so mounted on the plate that its measuring points rest on 
the points a and b (Fig. 1a), or a’ and e (Fig. 1b). The plate is 
then stressed and the resulting increase in the distance between 
a and 6, or a’ and e, is measured. From this must be subtracted 
the distance increase which would be obtained if the hole did 
not exist. The resulting calibration curve is valid only for plates 
of the width used in the test. 

After calibration curves have been plotted for plates of different 
widths, the values for plates of infinite width can be extrapolated. 

The calibration test can also 
be made like the subsequent 
investigation, excepting that 
the distance increase is mea- 
sured in terms of a known 
stress. A flat plate is sub- 
jected to a known load, the 
measuring instrument is in- 
stalled, and the hole is drilled. 
The increase in distance be- 
tween a and 8, or a’ and e, is 
thus determined in terms of 
the depth of the hole, and from 
this the total increase corre- 
sponding to the stress. If this 
test is repeated for a series of 
different stresses, a series of 
curves is obtained from which 
the final calibration curve, i.e., the total distance changes in 
terms of the stresses, can be determined. If, for the material 
under investigation, the stress-strain line for tension differs from 
that for compression, the test must be made for each. The width 
of the plate is taken into consideration in the same way as in the 
calibration test previously described. 

To measure the deformation, two instruments have been de- 


5 Z.V.D.I., vol. 42, 1898, pp. 797-807. 
8 Z. Mathematik und Physik, vol. 64, 1916, p. 233. 


Fie. 4 Drint Mounting Wits 
Mirror ExTENSOMETER 


signed. The first is a mirror instrument which works in a manner 
similar to the Martens tensometer (Fig. 4). Since the installa- 
tion of the telescope required with this apparatus is often difficult, 
an indicator has been developed, in which the change in the 
distance actuates a pointer through a mechanical magnification. 
This indicator does not span the hole like the reflecting instru- 
ment, but rests on the points a’, b’, c’ of the test piece (Fig. 1b). 
The movable leg is at the edge of the hole, and the fixed legs 
are about 15 em (5.9 in.) from the hole. Fig. 5 shows the whole 
test apparatus with this indicator g. The indicator has a mag- 
nification of about 1:3200 and is balanced in every position. 
It is clamped to the test plate by the arm u on the drilling ma- 
chine z. The drillings are carried away by a sleeve t. The 
0.3-hp drilling machine is driven by a flexible shaft and runs very 
smoothly. The drilling pressure is kept nearly uniform by the 
interposition of a spring. The depth drilled is measured by a 
Zeiss gage v. The drilling machine is clamped to the test plate 
by the frame f. 
A great many tests have been made by these methods in many 
different fields. A number of these experiments are discussed 
in the following paragraphs. The methods used in making the 
- tests are described, and the results which are of general interest 
"are given. 


Rouuine STRESSES IN STRUCTURAL STEEL 


The standard profiles, especially the H-beams, are seldom 
free from initial stresses, as proved by many experiments. 
These stresses are in part due to the conditions during cooling 
from the hot rolling, but are chiefly due to the rolling itself. 
H-beams have been tested which showed tension in the web, 
while others showed compression. This is proof that the stresses 
are produced primarily during the rolling process, since if they 
were produced by the cooling process all beams should have 
compression stresses in the web, as this is the part which cools 
first. 


Fic. 5 Test Apparatus With Potnter EXTENSOMETER 


As examples of tests of structural shapes, the experimental 
results for a relatively highly worked H-beam NP20, an I-beam 
NP20, and a channel beam NP26, all 6 m long (about 20 ft) have 
been selected. In the H-beam the initial stresses were deter- 
mined over the whole length of the web (Fig. 6) and in both 
flanges at the points of maximum web stresses (Fig. 7). For 
every test point the full curve was plotted, showing the elonga- 
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tion of the test length against the depth of the hole. All the 
places were drilled clear through, with the exception of the 
middle of the flange. The curves, almost without exception, 
resemble Fig. 2, from which it may be concluded that the stresses 
vary but little throughout the thickness. For this reason and from 
the fact that the stress in the girders must be chiefly monaxial, 
the calibration curve of this stress condition was taken as the 
basis for the stress determination. There were extremely high 
tensile stresses in the middle of the web of the beam in the di- 
rection of the length, amounting in the middle of the length to 
about 20 kg per sq mm. (28,400 lb per sq in.). At this stress, 
the pointer of the instrument was deflected about 36 mm (1.42 
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in.). The maximum stress was in the central part of the beam. 
At both ends, as was to be expected, the stresses dropped to zero. 
The flanges were stressed in compression, the stresses being small 
in the middle and increasing toward the edges. Analysis of the 
results showed that the sum of the moments of the stresses found 
for a cross-section was nearly zero. 

To check the test results, the H-beam was sawed in the middle 
of the web at the right end for a distance of about 50 cm (about 
20 in.). If there were tensile stresses in the web, as indicated 
by the test, the halves of the beam after sawing would ap- 
proach each other. As shown by Fig. 8, the ends separated a 
little at first, but drew strongly together again after being sawed 
5cm (about 2in.). After sawing 48 cm (about 19 in.), the separa- 
tion of the ends had diminished about 3 mm (0.12 in.). A second 
test consisted in sawing out, at a distance of 2.6 m (8.53 ft) from 
the right-hand end of the H-beam, a strip 32 by 4 cm (about 
12.6 by 1.57 in.), as shown in Fig. 9. If there were tensile stresses 
of about 20 kg per sq mm (28,400 Ib per sq in.) at this place in 
the web, the sawed-out strip should have contracted about 0.29 
mm (0.0114 in.), according to the formula 


Stress 


Contraction = —————_ 
Young’s modulus 


X Test length 


The test showed a contraction of 0.27 mm (0.0107 in.). The 
results of the proposed method are thus confirmed. 

The stresses were considerably smaller in the I-beams than 
in the H-beams (Fig. 10). The stresses were determined only in 
the middle of the web, the tests showing stresses of about 2 kg 
per sq mm (2845 lb per sq in.). In the channel the stresses 
were likewise determined for the middle of the web and in general 
were relatively small (Fig. 11). In the middle there was a sudden 
increase in stress, which was probably due to overstressing in 
handling. . 
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STRESSES IN CASTINGS 


In order to obtain, for various types of cast iron, the relation 
of the casting stresses to the wall-thickness ratios and the tem- 
peratures of casting, frames of the shape shown in Fig. 12 were 
cast. This frame shape was selected in order to obtain as nearly 
a monaxial stress system as possible. The wall thickness ratio 
was varied by changing the outer frame thickness from 10 to 
60 mm (0.39 to 2.36 in.), while the inner cross had the same thick- 
ness in every experiment. Measurements were made chiefly 
at the points designated by a. The measurements taken in all 
four positions proved very consistent. As an illustration of a 
series of experiments, the relationship between the casting 
stresses in the center cross and the wall thickness of the outer 
frame, with constant casting temperature, is shown in Fig. 13. 
As can. be seen from the curve, small tension stresses occur in 
the cross when the frame and cross-thickness are equal, but as 
the thickness of the frame wall is increased, the stresses in the 
cross become compressive, and of greater and greater magnitude. 


Srress DETERMINATION IN BRIDGES AND STRUCTURES 


The total stresses in the elements of such structures are com- 
posed of: 


(1) Stresses produced by the weight of the structure 

(2) Stresses produced during the manufacturing process 
and therefore present before assembling 

(3) Stresses produced during the assembly by forcing 
members into place and by riveting, bolting, welding 
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Fie. 11 Distrrution or Init1au Stresses IN WEB OF CHANNEL 


In structures designed for low stresses, the stresses produced 
by assembling and manufacturing will often be higher than 
those due to the weight of the structure. This is especially 
true in welded structures, where the calculated stresses can 
only be considered as rough approximations, as they are likely 
to differ from the actual stresses by a factor of 2 or 3. To obtain 
the three types of stresses separately by measurement is often 
a difficult task, possible only through repeated measurements 
upon the same structural member. In general, this separation 
is not required, since one wishes only to know how much the 
actual stresses differ from the calculated ones. 

As an illustration of a measurement of this kind, where the 
“weight stresses” could easily be separated from the assembly 
stresses, the inspection of a large arch bridge (span length 
about 100 m, or 330 ft) may be mentioned. A diagram of the 
entire bridge and a sketch of the upper side of the arch are shown 
in Fig. 14. The calculated stress was about constant over the 
cross-section, and had a value of about 400 kg per sq em (5700 
Ib per sq in.). This value was also found experimentally in the 
web. But in the top flange, which was composed of three riveted 
plates (1300 X 15 X 5000 mm, or 51.2 X 0.59 X 196.6 in.), 
seven measurements in the top plate showed almost zero stresses. 


This contradiction was explained when the lowest plate, the one 
closest to the web, was tested; here there was a compression 
stress of about 850 kg per sq cm (12,100 lb per sq in.). The 
average stress in the whole plate therefore checked with the 
' calculated one. The difference between the stress in the top 
' and the bottom plate was due to the fact that, in assembling, 
/ one end of the plate had been riveted solid and then bent down 
' by force to fit the web, already curved to the proper bridge 
' curvature. This bending produced tension in the top plate and 
_\ compression in the lower one, which in the present case happened 
» to be equal to the ‘‘weight stresses.” The final stress picture 
thus showed a zero stress in the top plate of the flange and double 
|. the value of the “weight stress” in the bottom one. 


Tur DETERMINATION OF WELDING STRESSES 


_ While measurements with a single extensometer—that is, 

measurements in a single direction—were sufficient in the pre- 
vious tests, it was necessary to use two instruments in this type 
' of investigation, since the stresses were almost always in two 
directions (biaxial). 


Fig. 12 Cast-Iron Test FRAMES 
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Fig. 13 Errecr or OuTER WALL THICKNESS.ON 
CasTInG STRESSES IN GRIDS 


The experiments made on welded seams can be divided into 
two groups. The.first group includes, besides determination of 
stresses in plates subjected to various types of local heating, a 
systematic study of electric- and gas-welded plates. The di- 
mensions of the plates used were all the same, 600 X 600 X 15 
mm (23.6 X 23.6 X 0.59 in.). The second group includes studies 
of welds in various types of structural parts used in practise, 
as for instance welded high-pressure tanks, ship plates, steel 
railway ties, etc. 
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The great number of measurements taken led to the following 
conclusions: 


(1) That the general opinion that in electrically welded 
plates the seams have lower stresses than in gas-welded 
plates was not confirmed by experiment. In most’ 
cases electro-welds showed rather higher stresses 
Stresses in the direction of the seam are high, both in 
electric and gas welds, and are almost always near the 
yield point 


(2) 


Location of test 


Fia. 14 Dracram or ArcH BripGe AND Point WHERE Test Was 
Maps 


Fie. 15 DistTriBuTion oF INTERNAL STRESS IN GASs-WELDED SEAM 

(3) In electric welds, the stresses extend over a narrower 
area around the seam than in gas welds, where the 
heated zone is a larger one 

(4) In most cases stresses parallel to the seam are higher 
than at right-angles to it 

(5) In electro-welds, the stresses are higher in continuous 
seams than in interrupted ones 

(6) No difference in stresses from using bare or covered 


electrodes was noticed. 


A typical stress distribution of two gas-welded plates is shown 
in Fig. 15. The seam is under high tension stress. The stress 
drops to zero on both sides, and then changes to compression. 
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The sum of all moments and stresses is evidently equal to zero. 
With electrically welded plates, the center stress is usually 
somewhat higher. The stress rises quickly to its maximum 
value at the start and the end of the seam, and the zero-stress 
region lies closer to the seam than with gas welds. 

In order to refute the widespread opinion about the dangers 
of initial stresses, it may be said that the initial stresses men- 
tioned in the foregoing paragraphs (especially in the paragraph 
on the testing of welds) are not nearly as dangerous as might be 
thought without further examination. This is especially true 
for static loadings, because if the yield point is passed at the most 
highly stressed point, the metal starts to creep locally at this 
point, and the load then distributes itself more evenly over the 
cross-section. Under repeated overloadings, the stress distribu- 
tion in the whole structure approaches more and more the stress 
distribution which would exist without initial stresses. How- 
ever, this is only true if the material used is ductile. Hence, 
the most important requirement for weld material is a very high 
ductility. For repeated or variable loading, the presence of 
initial stresses is of no great importance, although the initial 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


stresses may well reduce the factor of safety. In cases of impact 
loading, the presence of initial stresses is extremely undesirable. 

In conclusion, a remark may be made about an as yet undis- 
cussed field of application of the apparatus. The method of 
investigation which has been described is not limited to purely 
metallurgical experimentation only. This method is applicable 
to the determination of stresses in concrete structures such as 
dams, or stresses in tunnel walls produced by the weight of 
mountains or landslides, or the stresses in deep shafts. The 
diameter of the drill should be selected with consideration for 
the non-homogeneity of the material, and should be very much 
larger than with steel, say about 6 to 10 em (2.4 to 3.9 in.). 
It is obviously important that, in testing rocks, the same ma- 
terial be used for calibration as in the actual tests, and that it be 
oriented in the same way, as many rocks are not isotropic. 
This difficulty may be avoided by using a crown drill, which 
leaves a core of 6 to 9 cm (2.4 to 3.5 in.). This core is broken 
off later on and used in an ordinary rock-testing machine to obtain 
the calibration constants. No experiments of this sort have 
been carried out as yet, but plans have been made for them. 


al [ NHIS report presents information on the production cost 
} of oil-engine power plants. Production cost in the meaning 
of this report is defined to consist of fuel cost; lubrication 
cost; cost of attendance and superintendence; cost of supplies 
‘and miscellaneous; cost of engine and plant repairs. 

_ The report includes information from 140 oil-engine generating 
‘plants, containing 377 engines, totaling 213,910.5 rated brake 
) horsepower. The total net output for the 140 plants in this 
report amounted to 282,466,690 kilowatt-hours. The coverage 
| of this report as compared to that of previous reports is shown by 
| the following table: 


| Year of report...... 1929 1930 1931 1932 
» Number of plants... 36 94 119 140 
' Number of engines.. 107 283 330 377 
.- Total rated bhp..... 68,775 161,583 190,768 213,910.5 


/ Total output, net 


134,766,761 309,369,930 333,066,644 282,466,690 
| The engines listed in the report are full-Diesel, vertical type, 
| \direct-connected to generators, unless otherwise noted in Tables 
| TI, IV, and V. All Diesel plants listed are located in the United 
States. 

' Plant Numbers. The system used in former reports of desig- 
) nating plants by number has been retained. Numbers identify- 
ing plants previously reported correspond to the same plants in 
this report. 

Period Covered. All but ten of the plants of this report sub- 
mitted data for a period of exactly 12 months each. Of the ten 
exceptions, five submitted data for periods varying between 11 
and 13 months. The other five submitted data for 5 months, 6 
months, 6.7 months, 8 months, and 8.1 months, respectively. 

Bases for Costs and Performances. Unit costs referred to in 
this report were calculated on the basis of net kilowatt-hours. 
The net kilowatt-hour output is found by subtracting the power 
used for plant auxiliaries and station lights from the total gross 
output of the plant. 

Figures given for power output per gallon of fuel oil and of 
lubricating oil were calculated on the basis of the gross outputs 
of the individual units and plants. 

Formulas defining running engine capacity factor, running 
plant capacity factor, annual plant load factor, and plant service 
factor are as follows: 


Running engine capacity factor, per cent 
_ _ Engine output in gross kwhr X 100 
~ Kw rating X number of hours operated 


Running plant capacity factor, per cent 
4 Plant output in gross kwhr X 100 
~ Total rated kwhr of individual units 


Annual plant load factor, per cent 
Plant output in gross kwhr X 100 
~ Peak load in kw X number of hours in period 
Plant service factor, per cent 
Total rated kwhr of individual units X 100 
~ Total installed kw X number of hours in period 


1 Submitted by the Subcommittee on Oil Engine Power Cost, 
Oil and Gas Power Division, A.S.M.E., H. C. Major, Chairman, 
Committee of Public Utilities, Municipal Building, Rockville Center, 
‘Leal RA Rs 

Presented at the Sixth National Oil and Gas Power Meeting, 
~ Atlantic City, N. J., August 23-26, 1933, of Tun AMERICAN SOCIETY 
oF MxncHANICAL ENGINEERS. 
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The expression “‘rated kwhr” refers to the kilowatt rating of 
an engine-generator set multiplied by the number of hours oper- 
ated. For example, if a unit having a rating of 200 kw was oper- 
ated 4000 hours, the rated kwhr equals 800,000, no matter what 
the actual output may have been. Thus the denominator of the 
expression for “Running plant capacity factor” and likewise the 
numerator for the “Plant service factor” are arrived at by totaling 
the rated kilowatt-hours of all plant units. In this report, the 
kilowatt rating of an engine-generator set is considered equal to: 
Rated bhp X 0.746 X 0.9. 

In the strict sense of its definition, the annual plant load factor 
cannot be correctly applied to data covering any period other 
than one year. However, the committee extended the applica- 
tion of this to plants operated 8760 hours plus or minus 2 per 
cent, using the actual number of hours in the denominator in each 
case. 

The formula for ‘Plant service factor” requires further ex- 
planation for special cases. The expression is an index of the 
actual number of hours of operation as compared to the total 
number of hours installed for operation. Therefore, when some 
units have been installed for longer periods than have others in 
the same plant, account must be taken of the fact in the calcula- 
tion. For example, assume that a plant is reported for a twelve- 
month period, during which time one unit rated at 200 kw, 
installed before the start of the period, was operated 5000 
hours. 

Six months after the start of the period, a unit rated at 300 kw 
was installed, and subsequently operated 2500 hours. The plant 
service factor in per cent is therefore: 


200 X 5000 + 300 X 2500 


100 
200 X 8760 + 300 X 4380 “ 


Since the 300-kw unit was not installed during the entire 8760 
hours, but only for 4380 hours, this adjustment must be made. 

Fuel and Lubricating-Oil Data. The lubricating-oil economies 
of 110 plants generating 95 per cent or more of their outputs by 
means of full-Diesel units are shown graphically in Fig. 1, in 
which the kwhr output per gallon of lubricating oil is plotted 
against running plant capacity factor. (Hight of the full-Diesel 
plants did not report unit hours of operation, and running ca- 
pacity factors could not be calculated for these.) Fuel-oil econo- 
mies of the same 110 plants are shown graphically in Fig. 2, in 
which the gross kwhr output per gallon of fuel oil is likewise 
plotted against running plant capacity factor. The values 
plotted in Fig. 2 are corrected neither for the heat content of the 
fuel nor for altitude. The lubricating-oil and fuel-oil economies 
of 20 plants generating more than 5 per cent of their output 
by means of semi-Diesel units are shown in Figs. 3 and 4, respec- 
tively. (Two plants generating more than 5 per cent of their 
output by semi-Diesel units did not report unit hours of opera- 
tion, and the running capacity factors could not be calculated 
for these.) 

The type of the plant was judged to be that of the engines 
generating 95 per cent or more of the gross output. The follow- 
ing types of plants are illustrated in Figs. 1 to 4, inclusive: 


Diesel four-stroke cycle, air injection 

Diesel four-stroke cycle, mechanical injection 

Diesel two-stroke cycle, air injection 

Diesel two-stroke cycle, mechanical injection, separate 
scavenging 
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OIL AND GAS POWER 


Diesel two-stroke cycle, mechanical injection, crankcase 
scavenging 

Mixed-type full Diesel 

Mixed Diesel and semi-Diesel 


A median line was drawn on each chart, the number of points 


above the line being equal to the number below. High and low 


boundary lines were drawn to include all but 10 per cent of the 


; plants on the high and low sides, respectively. 


Unless it is otherwise noted in Table IV, plants received fuel 


 \oil in tank cars. 


All fuel- and lubricating-oil costs include costs for the handling 


of oil from the cars to the tanks. 


Cooling Water. The various water-cooling systems are indi- 


"cated by the following symbols: 


System A, raw water going to waste after one pass 

System B, raw water recirculated after passing over cooling 
tower or spray pond 

System C, soft water continuously recirculated, cooled by 
raw water going to waste after one pass through heat 
exchanger 

System D, soft water continuously recirculated, cooled by 
raw water also recirculated after cooling by cooling 
tower or spray pond 

System HE, any of the foregoing systems with engine circu- 
lating water treated (added as a suffix). 


Investment Costs. Due to the difficulty in obtaining reliable 
information on expenditures over past years and to the fact that 
such data may not reflect current costs, the committee decided 
to discontinue this feature of its investigations and did not solicit 
any information on this subject in this questionnaire for 1932. 

Enforced Shutdowns. The term “enforced shutdown” is de- 
fined as any stoppage caused by actual or imminent engine trouble. 
The duration of an enforced shutdown is the time elapsing from 
the shutdown of the engine to the time at which the engine is 
A prearranged shutdown for mainte- 
nance work is not considered an enforced shutdown. There 
were some misunderstandings in regard to the committee’s 
question calling for the number of hours expended on regular 
maintenance work. The uncertainty was, however, either cor- 
rected by correspondence with operators where sufficient time was 
available or a blank was left for the data. Regular maintenance 
time where listed is therefore the total time put in on regular 
maintenance work whether or not the units were actually needed 
during the time. 

Peak Loads. The peak loads presented in the report are the 
highest average loads sustained for 15 minutes, unless otherwise 
stated in Table V. 

Liner Wear. The committee realizes that liner wear is a com- 
plicated subject worthy of a separate investigation, and therefore 
decided not to continue a question on liner wear in the question- 
naire for 1932. The committee has made recommendation to 
the Executive Committee of the Division that a separate investi- 
gation on this subject is advisable. 

Repair Costs. All costs for repairs, whether to engines only or 
to all other plant equipment, listed in Table I, include the cost 
of materials delivered at the plant in question and the cost of 
any extra labor employed for the purpose of making these repairs. 
Unless otherwise noted, however, these costs do not include any 


charges for work done by regular attendants. Correspondingly, ~ 


unless otherwise noted, the costs noted in Table I for attendance 
and superintendence have not been subject to deductions because 
of repair work done by the regular attendance crews. The com- 
mittee has incorporated a new feature in the current report— 
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namely, the listing of major parts renewed during the period. 
This information is set forth in Table Y. 

Attendance and Superintendence. The committee has extended 
the range of reported data in connection with attendance by se- 
curing and reporting the number of shifts per year and the net 
kwhr produced per man-hour of attendance and superintendence. 
Attendance ratios for 103 full-time attended plants are shown 
graphically in Fig. 5, in which the net kwhr output per man-hour 
is plotted against plant service factor. (Twenty plants of the 
report were attended part-time; twelve plants did not report 
data required for calculating service factors; five plants did not 
report shift data necessary for the calculation of net output per 
man-hour. None of these plants are shown in Fig. 5.) 

Supplies and Miscellaneous. Supplies in the meaning of this 
report are such items used in the power-generating plant which 
are consumed in the operating process—namely, such items as 
waste, packing, wipers, gage glasses, gaskets, bolts, screws, nails, 
dynamo and motor brushes, cans for containing rags and waste, 
transformer oil and hand oil cans. The term “miscellaneous’’ 
as used in this report refers to such items as expenditures for 
lighting, heating, and cleaning systems, fire-protection systems, 
janitor’s supplies, ice water, meals and carfares, stationery, tele- 
phone and toilet service, care of streets, yards and sidings. 

Type of Load. The terms used for type of load are defined as 
follows: 


Complete Power.—The plant is run regularly alone when 
needed, without assistance from any base- or peak-load 
service 

Base Load.—The plant is run at substantially full load 
whenever its capacity can be used, usually supplemented 
by a peak-load service. When full or nearly full ca- 
pacity cannot be used, the plant is shut down 

Peak Load.—The plant is run only when the load exceeds 
the capacity of the regular source of power 

Standby.—The plant is run only when the regular source 
of power is interrupted. 


For this investigation, the committee requested information 
also on the type of power supplemented by base load, peak load, 
and standby plants. Information obtained in accordance with 
this request is presented in Table I. 

Total Production Costs. Total production costs for 135 plants 
reporting for one year each (plus or minus one month) are shown 
graphically on logarithmic coordinates in Fig. 6, in which total 
production cost in mills per net kwhr is plotted against specific 
output, or the output in net kwhr per year per kw of installed 
capacity. 

Calculations. All original calculations and correspondence 
with operators were carried on by Messrs. Robert T. Brown and 
George V. Khrennikoff, who were employed to assist the com- 
mittee. 

The committee wishes to acknowledge its appreciation of the 
splendid services of Franz Eder, who has been chairman of the 
committee since its organization, and to announce with regret 
his resignation as chairman. H. C. Major has been appointed 
to succeed Mr. Eder as chairman. 


SuBCOMMITTEE ON O1L-ENGINE PowsER Cost 


H. C. Major, Chairman K. M. Irwin 
M. J. Reed, Secretary E. J. Kates 

C. H. Berry H. C. Lenfest 
F. J. Fischer A. B. Morgan 
L. R. Ford L. H. Morrison 
W. G. G. Godron Lee Schneitter 


H. C. Thuerk 
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1016 3 1365 112 S784 22 1,563,630 1,527,380° 3.6 26.1 57.4 4.3 5.08 47.7 5.35 0.73 5.40 0,03 1.2 
886 4 1305 1090 8784 ae 951,088 889,868 6.4 28.5 39.3 31.4 4.74 52.5 7.00 1.39 5.20 1.6e 0.89 
13 3 1225 1000 8784 12 1,346,000 1,176,048 12.6 36.0 74 52.4 §.13 36.4 5.94 0.68 4.50 0.48 0.59 
1083 1 120¢ 1042 $490 12 2,152,627 2,144,290 1.8 24.9 70.5 43.8 3.58 50.1 2.81 0.41 1.04 0.20 10) 
725 3 1200 1007 8784 12 3,562,149 3,324,653 1.1 59.8 74.4 63.6 3.62 62.0 3.43 0.81 1.70 0.16 ° 
451 2 1200 1024 8764 12 1,693,200 1,481,990 12.5 41.0 46.9 §1.¢ 3.43 35-2 3.85 0.52 3.50 0.21 0 
333 1 1200 938 6222 12 680,400 650,831 4.4 woee 5.36 0.70 6.66 2.86 ie} 
17 2) 1200 ---- ---- 12 2,121,600 2,064,862 2.7 24.1 3.67 0.38 1.66 
16 U P-T 3 1200 1012 2928 12 388,590 379,610 2.5 5.5 3.43, 0.54 3.82 
14 K-W c 2 1200 ---- 8764 12 1,116,200 1,050,620 5.9 ---- 6.19 0.67 5.23 
878 U B-T 3 1160 977 8784 12 2,239 5030 1,878,245 16.1 32.5 3.44 0.70 2.39 
193 u-W Cc 2 1155 1040 8764 12 1,455,990 1,159,612 20.2 36.8 4.83 0.39 5.10 
616 M Cc 3 1150 982 8784 12 1,711,310 1,565,000 8.5 39.0 4.31 0.64 4.04 
887 U ¢c 3 1140 938 8784 12 1,195,560 1,102,053 7.8 42.5 5.26 0.99 5.25 
95 U S-T 2 1120 938 4393 12 381, 600 365,550 4.3 9.7 2.44 0.09 1.48 
96 U Cc 3 1100 920 8784 12 792,400 727,300 8.2 17.7 3.51 0.84 5.78 
143 M-W c 3 1080 300 8784 12 1,264,401 1,200, 0004 5.1 44.3 3.59 1.48 3.90 
Cc 2 1060 1000 60se 11 1,528,497 1,507,615 1.4 ---- 6.23 0.38 4.50 
c 3 | 1060 aso | e7a4 | 12 1,657,4709| 1,561,470 | 5.8| 47.2 4.58] 0.70| 3.08 
c 3 1050 873, 8784 12 1,585,000 1,534,790 3.2 36.4 4.12 0.77 2.03 
c 3 1050 870 8784 12 799,832 725,222 9.8 41.4 5.77 0.91 7.30 
c 2 1050 894 8856 12.1 1,562,600 1,464,600 6.3 42.0 3.81 0.95 4.56 
- 1 1000 937 8451 12 4,857,200 4,524,387 6.5 76,7 3.36 0.27 1.04 
1 1000 900 8784 Le 353,500 324,600 8.2 6.7 1.74 0.59 8.10 
a 960 975 4955 12 3,081,100 2,974,884 3.4 50.1 2.95 0.36 0.61 
2 He O75 875, 8784 12 3,029,500 2 950,5004 2.6 62.6 3.57 0.46 1.60 
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TABLE I - INFCRMATION ON PRODUCTION COST ( PAGE 2 


COSTS PER NET K.W. HR. - MILLS 


} 
i 
2 z 
3 o | 4] ge a3 . 
4 5 
2 allele Be 5 Bala las ges elite tape ok & 
A a : ou A we 3) 2 an oe a as| 23 % 3 3 
2] ff . Be e ' g Be <a es aa) 8 Zz] <9 a - 
2 8 -) x 2 =) 2 a a 2) rc} Aa & A 3 cc QZ 
A 2 Z a 5a Ba & S 21 Sk) Sk] & feo | fe 8 ez| 8 4 Sree 
Bae | ale a> Bi ee] Be 8 Bb. | Be) 2881 %ne ef 28 Plmeeles |( a ene| of 
§ Pa Be =] 6 a a 2 Sa 24h = & = 8 oie af m Sa} 28 a on oR 5 
| c3 Ste Wheel ne 3p Be leshiees| AS (beer sees See) eg | gl | taal elie g 
a: 0 a ie a a ge te af e| Sa] &al ge] 82 Su e A Sa] 3 @ 6 
2) B= a ) z z oa 2 a ez| af ~| mk a 13 e co] a8 a] assl & 
SARE ee ee me) oe Sy BOA asl onl Sal ore) Sa) Behe | 8] cael Beg. S| & TAD 
yee | <0 SI a S] fe) fe a 4 On| = ist & a fe a Bel Cons 2. 2 AAS 
f- cary o a z = ‘ 2 2 rl Be = & = re) a 
Fos) 2*) &| 2] & | =] EB] 38 au Zz | «e| 26] 28| 33) Ba| Bel # | #| ES] Sao] 8] Ba Beal & 5 
FES z| @| 2] es| 8 z z fe] Ss| be| 82/581 Sh) k | 8] 28] Sa 8) ey She a | & 
= 
1 iS 580,160 365,000, 1.04] 1.25 4.11 9.64 | 1065 
a Si ue 8784 Met pee ees oe 0.19 2.77 14.87 S60 
, , 18 ° 0.18 12,20 260 
U 3 740 8784 1,597,500 1,500,880, 6.1 42.8 61.5 48.9 3.74 0.30 0.09 0.80 8.90 98 
U 3 758 8784 2,057,980 1,975,660 4.0 44.2 69.0 56.2 2.55 3.72 0.02 4.22 9674 53 
M 3 730 8784 1,052,120 998,200 Sel 41.4 52.8 6461 2676 1.12 1.46 11.52 189 
U 1 700 4166 1,791,070 1,655,114 7.6 34.0 T6062 A744 3.12 0.42 0.24 1.28 6.40 1056 
U 1 700 2196 588,300 575,200 2.2 12.2 7645 15.5 3.53 1655 0.32 2.93 8.77 619 
U 1 700 1884 495,200 482,220 2.6 11.5 74.5 13.4 3.51 0.60 1.22 2.69 8.49 494 
U 1 700 969,410 929,460 4.1 19.7 62.7 25.6 3.55 0.496 1.24 7.60 153. 
U 1 750 585,605 554,765 55 11.1 68.2 17.7 4,00 1.63 0.09 2.92 15.29 731 
U 2 666 6280 1,099,530 1,068,900 2.8 31.3 70.2 33.62 3. 0.46 0.11 0.97 7.61 648 
Cc ae 681 8784 2,631,800 2,485,908 5.5 57.1 69.6 80.2 ra) io) co 6.45 421 
c 3 620 8784 1,545,900 1,443,130 6.7 41.9 75.8 46.7 OM6 0.04 0.33 8.73 112 
U Cc 2 600 8784 717,320 644,557 10.2 51.0 33.0 51.2 1.05 0.77 2.46 13.85 718 
uM {e3 2 600 8784 1,352,300 1,304,950 3.5 38.5 54.0 59.0 0.39 ie} 1.20 9.41 Sse 
“ Cc 2 600 8784 997,200 967,000 3.0 31.1 39.6 59.2 0.25 0.03 0.52 9.93 S527 
SSS 
I Cc 2 600 2778 703,156 675, 3764 4.0 17.4 $8.2 28.5 1,41 1.63 11.19 170 
+2 Cc 2 500 8784 811,000 €10,190' 0.1 44.0 81.5 25.4 1.04 0.12 1.46 9.09 67 
U Cc 3S --- -7+- 661,950, 612,980 7.4 36.7 48.5 33.1 — weer | 1.68 12.86 19 
M c 3 470 8784 657 , 670' 61%, 670 6.1 34.0 39.7 41.3 0.07 0.38 0.60 12.00 411 
M c 4 490 8784 541,836 507,856 6.5 54.3 38.4 38.6 3.60 0.21 0.20 2.33 14.75 529 
SSS 
U Cc 1 --- ---- 1,409,410 1,358,285 3.6 31.5 71.4 55.8 3.77 1.33 2.07 8.98 106 
uv B-T al $15 2928 725,880 708, 626 2.4 19.7 69.9 29.3 3.88 1.45 0.27 2.37 8.35 1096 
Uae B-T 1 613 2196 619,170 572,600 7.5 17.2 78.0 22.4 3.79 0.37 0.50 2.11 7.76 1094 
M-W Cc 2 496 8784 912,<¢00 846,916 7.2 40.4 59.8 45.1 4,04 0.04 0.06 0.85 10.38 644 
ZI Cc 2 550 8784 1,382,500 1,380,330 0.2 37.9 64.5 60.7 4s 1.02 0.03 1.09 11,20 61 
aw c 1 872 8784 414,600 402 , 600! 2.9 10.5 717.9 15.0 5.45 0.29 te} 0.46 17.121 32 
at) Cc 3 525 8784 890,540 842,314 5.4 40.5 51.4 49.7 3.94 1,00 0.25 1.75 14.01 103 
U Cc 4 495 8784 644,280 609,820 5.4 31.2 47.9 58.6] 3.14 nariiak 0.48 2.66 15.97 ot 
vu Cc 3 475 2262 139,210 122,230 12.2 9.9 44.2 9.2 2.31 0.10 0.11 0.50 12.18 102 
uv c 2 420 8784 +668,300 633,751 5.2 28.2 40.9 51.3. 3. 0.19 te} 0.88 13.47 540 
M a 3 5505 pee 431,636 412, 656% 4.4 30.7 35.1 38.5 6.17 0.10 ° 0.38 19.95 246 
u 4 8784) 12 | enanecn- 457,194 | ----- ---- ---- ---- 4.50 -7-- 3.08 17.15 160 
U Cc 3 475 8784 723,900 670,782 7.5 44.5 52.8 45.1 2.44 1.88 0.08 2.29 10.42 101 
U BeT 2 513 2196 153,550 142,730 TL 6.2 73.7 7.1 3.72 64 0.57 0.46 5.18 14.62 7172 
uM Cc 3 380 8688 441,408 421,162 4.6 33.4 37.9 41.7 4.71 94 1.04 0.39 1.83 18.99 501 
N c 2 400 e784 602,505" 586,935 2.6 36.1 41.8 50.9 3.00 “ 0.14 ° 0.48 9.77 424 
M Cc s 390 8784 436,340 423,414 3.0 29.2 47.6 34.6 4.59 77 O 0. 0.62 16.15 695 
: c 2 369 8784 502,130 490,130 2.4 38.9 37.1 53.4 3.11 71 0.03 0.03 1.32 12.38 335 
Cc 3 275 8784 487,960 485,760% 0.5 24.7 54.2 39.2 4.55 81 0.12 0.05 0.24 16.69 247 
¢ 4 341 8784 203,450 18453462 9.4 29.0 29.6 38.9 4.09 48 3.68 0.60 5.28 32.10 || 1129 
c 3 275 8764 346,440 15.5 35.9 2.55 ol 1.75 0.24 2.39 15.64 106 
c 2 300 326,408, - 1.98 40 g.40 0.46 4.06 24.61 1091 
I Cc at 300 982,300 a 3.96 68, +68 '_ 9 0.84 7.45 161 
u S-- | 1 --- 884 7 3.90 ose 0.91 4.888 |19.95%] 152 
M c 3 --- 8784 437,500 432,500 1 3.93 45 0.25 0.12 0.49 14.58 688 
M-W Lo) 2 281 9446 315,000 “£97,000 Kd 4.15 18 0.10 0.03 0.95 19.99 187 
U B-T 2 270 1830 81,542 77,122 2 3.58 03 1.56 2.97 7.85 18.76 174 
U Cc 2 --- 6784 428,704 579,380, 6 2.80 57 3.97 0.84 6.63 19.42 857 
M=W cn 1 265 3672 233,585 204,875 2 | 4.50 4g 19} 0.46 16.04 1055 
x c 3 249 | 8784 245,000 220,000 2 Te 86 0.11 0.34 0.61 |24,84 265 
Uv Cc 2 --- ence 210,470 194,105 8 3.63 05 12.13 13.05 [354.28 27 
I Cc 2 --- 4605 106,300 99,3008 6 3.48 66 Oo (0) 0.42 10.92 $82 
v c 2 215 8784 211,100 175,200 ° 2.82 78 1.54 0.43 5.28 31.97 858 
w Cc 2 190 8784 435,500 434,000 3 3.93 66 0.23 o711 0.43 16.87 626 
M c 2 188 | 8784 160,600 156,800% 4 4. ol 0.15} 0 0.41 |22.19 516 
I Cc ee 200 1834 81,890 77,310 8 5.04 25 13.92 14.77 26.38 169 
uv P-+ i 219°} 8784 28,800 27,2909 3 4.50 57 ° i} 1.10 15.32 984 
" c 4 --: 8784 144,430 138,700 i) 4.10 89 0.23 0.25 3.26 27.10 318 
U S-T 2 120 1,815 1,788¢ 5 3.00 26 0.56 | 20.45 55.29 83.35 733 
x Aci a} 90 8784 7,220 5,832 2 5.37 70 i) oO ie} 51.56 646 
_ NOTES; Character of Plant TYPE OF LOAD LETTERED NOTES 
« YU - Private Power Compan7 C - Complete Power @ - Plant Shut Dow at end of 8th month and 
P - private Pumping Company B - Base Load Placed on Standby Service 
M o- Municipal Power Plant 3S + Qtandby b> - Plant Shut Down for Malance of Period Due 
WwW - Municipal Pumping Plant P = Peak Load to Damage to Electrical Equipment oa 
‘ Industrial Power Plant v - Type Varied During Period by Bursting of Water Main 
- T + Supplemented by Trans- c - Does not include Repairs to Electrical 
= mission Line Equipment for causes noted in "b* 
(Ss = H - Supplemented by Hydro- a - Estimated by Operator 
im Blectric Plant @ - Attendance Cost pnowuee® no maintenance 
a - Z = Supplemented by Steam Time; This is Included under Engine Repaire 
Plant f - Includes Attendance for Gas Engines in Plant 
g ~ Costs are in dollars per Net K.W. Hr» 
h - Steam Plant is for Bmergency Duty only 
4 = Does not include Water Cost; which Ja charged 
to Boller Feed 
k -.Some of Regular Attendance Payroll is 
Charged to Engine Repairs 
m - Supplemented by Steam Plant which 
ry operated 27356 Houra~-° 
nb = Allows for Outside Power Used to Heat Fuel 


nd Lubricating 011 in Engine Idle Time 


TABLE It - COMPARATIVE COSTS - 1929, 1930, 1931 AND 1932 REPORTS (PAGE 1) 


COSTS PER NEP K.W. HR. - MILLS 


P. 
S AND 


PLANT CAPACITY 


ERVICE FACTOR 


K. W. HRS. 
G 


ANNUAL PLANT LOAD FACTOR 
CENTS PER GALLON 


AVERAGE COST OF FUEL OIL 
CLUDING SUPERINTENDANCE 
MISCELLANEOUS, INCLUD- 
COST OF ENGINE REPAIRS 
TOTAL PRODUCTION COST 


ING WATER 
REPAIR, AND MISCELL- 


PLANT NUMBER 

TOTAL INSTALLED B. H. 
TOTAL NET OUTPUT 
FUEL COST 
LUBRICATING OIL COST 
ATTENDANCE COST, IN 
COST OF SUPPLI 

COST OF ALL OTHER 
PLANT REPAIRS 

TOTAL OF ALL SUPPLY, 
ANEOUS COSTS 

PLANT NUKBER 


RUNNIN 
FACTOR 
PLANT 


22,591,027 ---- 69.9 ---- 4.25 3.82 0.69 ---- ~--- aos 
26,221,176 46.1 70.4 57.8 4.37 5.95 0.53 0.21 0.67 0.05 
29,849,848 52.5 735.2 65.7 3.78 5.51 0.47 0.28 0.63 0.29 
28,574,009 57.1 83.3 46.0 5.48 G25 0.31 0.50 0.56 0.14 


Operation Gyeatly Reduced ]|in 1932 because of lack of Records |Incomplete 
7,958,851 31.3 65.0 35.9 S71 5.22 0.52 1.38 1.91 1.08 


8,778,880 33.2 69.0 39.1 5.13 4.93 0.45 0.92 1.96 1.22 
9,065, 633 33.0 60.3 40.5 4.48 4.52 0.63 0.47 1.13 1.57 


Operation cyeatly Reduced jin 1932 because of lack of Records |Incomplete 


5,722,032 31.1 65.3 45.2 5.58 5.38 0.55 0.88 0.74 0.40 
33.5 75.2 45.4 5.70 5.30 0.38 0.74 0.56 0.48 
33.7 78.6 40.4 4.83 4.46 0.30 0.63 0.49 0.38 
36.5 78.1 43.8 4.41 3.97 0.27 0.52 0.35 0.14 


7,585,725 46.6 52.0 72.8 5.20 3.72 0.48 0.16 0.22 0.07 
8,157,025 53.7 53.1 52.4 4.09 3.95 0.29 0.16 0.353 0.04 
7,754,525 48.2 59.5 45.0 3.20 3.03 0.27 0.26 ---- ---- 
6,490,050 48.6 58.4 58.4 5.12 2.93 0.56 0.14 0.12 0.05 


8,016,000 57.9 64.0 44.4 1.30 1.34 0.31 0.01 0.10 0.01 
8,341,500 4}.9 66,5 45.1 0.95 0.93 0.26 ) 0.13 0.22 0.05 
3,030,200 42.0 66.4 43.4 1.22 1.26 0.29 0.16 0.15 0.02 


6,662,589 44.1 71.5 61.6 2.15 2.20 0.55 0.17 1.85 0.12 
10,027,739 56.S } 65.0 61.1 2.09 2.25 0.33 0.26 0.26 0.06 
9,576,900 52.9 635.5 53.1 2.03 2.12 | 0.36 0.20 ---- ---- 
7,451,947 44.2 85.2 59.5 2.04 2.05 0.28 0.26 0.54 0.03 


Operation Gyeatly Reduced]|in 1952 because of lack of Records |Incomplete. 


7,442,350 36.8 72.5 43.6 5.23 5.04 0.09 0.06 ---- aoe 
6,908,500 34.9 69.5 42.4 5.29 5.18 0.09 0.04 1.01 0.10 
5,537,000 46.4 66.5 36.6 4.79 4.89 0.09 0.07 1.28 0.55 
5,015,575 42.3 62.1 55.8 3.87 4.07 0.11 Q.05 1.33 0.32 


22,910,000 94.0 99.9. 98.9 2.53 2.16 0.55 1.16 ---- nese es 
22,518,000 92.6 95.6 28.8 1.03 0.91 0.36 0.38 ---- ---- 
15,147,500 -e-- 95.1 °8.7 1.58 1.24 0.29 0.54 ---- ---- 


Not Cnerate 1932 -- Reduced Industrial Activity 


4,484,700 54.1 50.7 4.72 4.59 0.89 
4,168,750 67.0 51.4 4.19 5.95 0.56 
4,281,250 68.56 51.3 4,02 3.83 0.56 


16,479,500 94.4 | 84.5 | 2.71 | 2.52°| 0.33 
15,077,095 OA Se [ory ||) Se180 |Comments 
17,745,325 5 97.8 | 89.8 | 2.11 | 2.00 | 0.26 
6,839,511 WSS || Cileee || ness |p Bae |) G2! 


14,709,450 90.7 72.7 3.66 2.91 0.31 
11,037,481 76.35 76.9 5.354 2.56 0.28 
12,838,281 80.0 84.9 2.59 2.12 0.27 


2,341,730 42.2 36.2 4.53 5.95 0.54 

2,557,153 40.4 oe 5.00 5.49 0.46 
No Reply to/Inquiries for |1931 

2,521,395 31.6 45.4 28.5 4.60 4.78 0.27 


3,226,050 34.7 52.5 35.7 3.99 5.21 0.94 
3,124,300 34.1 ---- ---- 3.07 4.42 1.10 
2,920,600 34.8 45.8 35.9 2.92 4.45 0.59 


885,599 ---- 48.1 16.3 5.53 6.33 1.26 
1,858,860 ---- 54.1 30.3 5.60 6.29 1.25 


959,606 8.9 49.2 11.5 5.69 6.85 0.64 


3,231,938 36.0 64.8 53.2 5.77 5.31 0.36 
3,211,821 58.0 61.8 55.1 4.79 4.52 0.355 
5,088,885 43.9 57.3 36.4 3.43 3.08 0.39 
3,105,742 42.5 57.9 56.5 5.27 2.78 0.25 


4,848,480 37.4 59.7 61.1 3.55 3.75 0.91 
2,632,585 25.0 49.1 44,1 2.82 5.68 1.14 
5,497,637 27.9 50.4 47.4 3.17 3.27 0.73 


2247295 | smcm Ilism== || ome= | 156550 Sel MNO. 47 
2,223,652 | 14.4 | 87.6 | 17.5 | 3.57 | 3.14 | 0.27 
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TABLE II - COMPARATIVE COSTS - 1929, 1930, 1951 AND 1932 REPORTS (PAGE 2) 


COSTS PER NET K.W. HR. - MILES 
oc =| ta 
Ps eal e ie] ace es 
: = 4 no a & 12] aa 4 st a 
c.] fe ° S 8 a za| 28 < >A ° 
: =< Zz ° z| 40 Ay ere] i) 
a a Oy ° Fig (o) 8 iS) a oo Bu fe 
a = < = - ne AO z 
g Suibeaie fda Alea} eee ol B | ga | 8 
& a | ro) ° Ba| An z on as = 
(e Aa S & So & On| ab A yan iS) 4 
E 5 2 el Maal) 2) | Be e| af] &e.| 21 g3| 22S! 2 E 
= n & S| Dae o On & H on NAG i=) Say Ere} fe) ao 
=] a fa a 4 a & z <a g & oO % = 
. 3 ee eiemieests ose |e secrete ieee se) ("| oS20|° - E 
a S| ce eI A a 32 x Ba as ea | anSl a 
z = = b Zz a a oe AQ] HO a ae =<9 Ss Pa a 
3 : eae cto eee | | Reeve iverele se | 8a) See) Bl al & 
a 2 & = oy Aa <0 2 A <0 | O54 iS) on ees a > ) 
2,838,950 27.4 44.8 59.4 4.16 5.25 0.52 2.50 0.15 0.38 0.09 0.62 8.89 1329 93. 
2,659,910 30.9 43.4 58.6 4,09 5.35 0.39 2.65 0.16 0.51 0.02 0.69 9.08 1930 
3,403,390 29.8 52.35 60.6 2.79 3.36 0.38 2.14 0.13 ---- ---- 0.44 6.32 1931 
4,058,720 34.9 52.0 68.5 3.09 3.78 0.42 1.81 0.10 0.67 0.05 0.82 6.83 1932 
1,658,900 24.1 37.0 53.7 4.62 5.54 0.94 4.81 ---- ---- ---- 3.24 114.53 1930 60 
No Reply to Inquiries for 1931 1931 
1,015,200 13.7 24.8 32.3 4.69 7.48 0.73 5.22 0.60 ---- ---- 2.76 |16.19 1929 
1,270,520 19.7 68.0 26.3 5.62 6.46 1.15 4.01 0.39 2.37 0.97 3.73 115.35 1930 723 
1,556,510 ---- 73.5 ---- 4.21 4.23 0.95 5.56 0.53 0.86 0.70 2.09 |10.83 1931 
1,371,460 10.9 67.2 15.4 4.31 4.13 0.74 3.71 0.76 ---- ---- 2.55 |11.13 1932 
3,798,810 39.6 ---- ---- 5.51 5.43 0.48 4.11 0.24 0.22 0.07 0.53 |10.55 1929 41 


4,068,290 39.2 59.0 44.2 5.19 5.09 0.48 4.08 0.37 0.63 0.15 1.15 |10.80 1930 
4,092,730 39.4 67.3 44.2 4.57 4.48 0.51 3.85 0.25 0.24 0.13 0.62 9.46 1931 
3,698,090 35.6 65.5 41.0 4.10 3.86 | 0.62 4,05 0.23 0.26 0.08 0.57 9.10 1932 


3,184,025 42.6 67.3 | 38.8 3.33 | 3.12 | 0.46 | 4.13 0.08 | 0.49 0.31 0.88 | 8.59 1930 79 
3,204,390 38.6 66.8 | 59.6 2.62 2.38 0.30 3.31 0.13 | 0.20 | 0.135 | 0.46 6.45 1931 
3,280,357 39.3 66.4 40.6 | 2.49 2.21 0.45 3.53 | 0.11 | 0.23 | O 0.34 6.53] 1932 

319,120 3.7 ---- 4.15 5.45 1.77 |11.61 3.56 
1,013,269 8.1 ---- 4.04 4.86 1.25 5.56 1.14 ---- 8.17 |19.84 1930 
1,789,653 10.0 ---- 3.33 3.86 | 0.80 2.15 0.79 ---- 2.18 | 8.99 1931 
2,597,100 21.5 | 94.4 22.6 3.54 3-20 | 0.65 1.31 0.53 ---- ---- 1.39 | 7.25 1932 


---- [17.99 |36.82 1929 5 


No Reply to Inquiries for 1932 80 


---- 4.70 4.17 0.72 2.67 0.47 
---- 4.51 3.93 0.57 2.07 0.40 
---- 4.12 3.53 0.62 1.89 0.31 


1.61 9.17 929) 6 
2.03 | 8.60 1930 
1.135 | 7.17 1931 


1,318,898 | 10.0 
15,576,234 | 18.8 
13612,957 | 11.8 


1,720,413 11.7 14.5 3.04 3.40 0.45 1.64 0.25 ---- ---- 1.05 6.54 1952 
3,336,860 59.4 67.5 42.7 3.37 3.30 0.44 1.41 0.11 0.31 0.37 0.79 $.94 1931 68 
3,038,210 54.8 63.9 40.9 3.60 3.60 0.42 1.54 0.18 0.43 0.08 0.69 6.25 1932 

No Reply to Inquiries for 1932 728 
1,512,520 33.6 51.6 5éS.1 6.75 6.37 0.46 7.34 0.54 1.00 Oo 1.54 {15.71 1930 83 } 
1,720,560 33.5 54.4 55.8 6.00 5.71 0.31 6.46 0.81 1.05 ie} 1.€6 {14.34 1931 
1,687,500 35.1 52.0 ---- 5.00 4.95 0.45 6.40 1.48 1.72 1.68 5.08 |16.88 1932 
1,372,941 ---- 78.5 17.5 5.40 4.68 0.5 1.12 0.33 0.Cl 0.1c 0.44 6.82 1930 215 
1,568,700 13.1 89.9 15.5 3.97 3.45 0.21 1.40 0.38 0.53 0.08 0.99 6.05 1931 
1,163,370 9.8 84.2 12.3 5.14 3.84 0.29 1.48 0.55 0.07 0 0.62 6.25 19352 
2,016,465 33.2 49.0 38.8 5.07 3.80 0.68 7.39 0.66 3.32 1.12 5.1C |16.°7 1930 837 
2,101,374 35.9 51.1 40.2 2.72 3.43 0.65 6.Cl 0.49 3.36 0.92 4.77 |14.86 1931 

2,057, 699 37.9 48.9 41.2 2.49 3.29 0.80 5.89 0.48 6.63 0.90 8.01 {17.99 1932 


Part Time Operation in 1932; Records Incomplete 997 


0.37 7.22 1931 212 
6.69 |12.35 1932 


69.6 3.2 4.43 4.13 0.51 2.21 0.28 0.09 


228,700 
71.8 | 2.9 | 3.60 | 3.22 | 0.30 | 2.14 | 0.29 | 6.40 


217,147 


+20 3.58 |18.23 1930 722 
244 1.61 |15.28 1931 


2.55 |14.78 1932 


) 
0 

g2.1 | 11.2 | 5.61 | 6.97 | 0.69 | 7.99 | 1.49 | 1.19 | O 

826,340 0 


3.6 
4.4 

796,450 | 9.3 
0.1 | 72.8 | 13.2 | 4.26 | 4.63 | 0.56 | 8.48 | 1.03 | 0.14 
0.0 

7 

8 


896,220 62.4 15.7 4.68 5.07 0.63 6.53 0.94 ---- 
77.8 37.2 3.33 | 4.03 0.49 1.43 | 0.09 0.52 0.36 | 0.97 6.92 1931 735 


1 

i 

2,760,680 | 2 
3 69.7 | 52.5 | 3.64 | 4.01 | 0.81 | 0.89 | 0.22 | 1.11 | 0.50 | 1.83 | 7.54] 1932 


3,590,240 


---- 2.50 9.81 1929 18 
=== 4.80 |12.00 19350 


4.71 4.52 0.41 2.58 0.38 


2,351,123 | 26.4 ---- 
4.49 4.51 0.61 | 2.08 | 0.21 


2,406,690 | 27.2 o-n- 


2,406,609 26.0 ---- ---- 3.94 3.93 0.58 1.98 0.41 ---- 2.24 8.73 1931 
2,327,071 26.3 62.4 40.0 3.74 3.78 0.51 1.72 0.34 ---- ---- 1.44 7.45 1932 
2,049,000 34.2 57.0 39.1 3.37 3.40 0.58 4.68 0.70 0.27 Oo 0.97 9.63 1930 8 
1,876,410 33.4 58.7 35.3 2.81 2.92 0.41 3.61 ---- ---- ---- 0.54 7.48 1931 
1,627,980 31.4 55.0 32.7 3.04 3.26 0.54 4.85 ---- ---- 0.62 9.27 1932 
Intermittent Operation in 1932;|Records Incomplete 10 
1,446,160 33.9 63.5 29.9 4-64 4.98 0.32 4,51 0.34 ie} te) 0.34 /10.15 1930 132 
1,655,300 38.5 69.1 31.3 3.63 3.68 0.26 4.30 0.34 10) 0 0.34 8.58 1931 
1,665,900 36.7 65.7 29.9 3.56 3.31 0.24 4.41 0.353 0.02 0 0.35 8.31 1932 
2,523,740 38.4 71.3 42.7 4.15 3.67 0.51 4.71 0.32 ---- w--- 1.44 [10.33 1931 289 
2,528,017 36.5 71.1 43.9 4.17 3.78 0.43 4.60 0.32 0.12 1.13 1.57 [10.38 1932 
Not Operated “uring 1932; - Redwced Industrial Activity 865 
1,980,400 ---- ---- ---- 3.68 3.81 0.44 5.84 0.13 0.12 0.05 0.30 8.39 1930 70 
1,868,725 41.7 62.0 39.4 2.83 3.25 0.46 3.48 0.32 0.85 0.38 1.55 8.74 1931 
1,675,057 38.4 54.3 41.5 3.03'| 3.71 0.53 4.25 0.27 0.53 te) 0.80 9.29 1932 
5,125,835 60.4 71.4 62.1 2.44 2.13 0.21 1.12 0.29 ---- ---- 3.44 6.90 1930 163 
3,723,300 43.6 76.3 63.7 1.92 1.75 0.16 1.60 0.21 ---- ---- 2.16 5.67 1931 
127,335 1.7 50.4 3.4 0.97 1.21 0.36 7.30 0.36 5.53 0.58 6.47 [15.34 1932 
1,571,594 | 26.8 | ---- | ---- | 4.48] 3-79 | 0.32 | 3.95] 0.35 | ---- | ---- | 0.71 | 8.77| 1930 | 154 
176087939 | 29.3 | ---- | ---- | 3.59 | 2-94 | 0.22 | 4.22] 0.44 ---- | 1458 | 8.96] 1952 
375217613 | 29.4 | 81.9 | 23.0 | 3.47 | 2.81 | 0.29 | 4.18 | 0.33 | ---- | ---- ] 0.81 | 8.09] 1932 


TABLE It - COMPARATIVE COSTS - 1929, 1930, 1931 AND 1932 REPORTS (PAGE 3). 


COSTS PER NET K.W. HR« - MILIS 


INCLUD- 


, 


.K.W. HRS. 
CLUDING SUPERINTENDANCE 


REPAIR, AND MISCELLANEOUS 


COST OF ENGINE REPAIRS 
COSTS _ 


AVERAGE COST OF FUEL OIL 
TOTAL, PRODUCTION cost: 


ANNUAL PLANT LOAD FACTOR 
- CENTS PER GALLON 


TOTAL INSTALLED B.H.P. 
RUNNING PLANT CAPACITY 
FACTOR 

COST. OF SUPPLIES AND 


MISOELLANEOUS 


ING WATER 
TOTAL OF ALL SUPPLY, 


PLANT NUMBER 
TOTAL NET OUTPUT 
PLANT SERVICE FACTOR 
LUBRICATING OIL cost? 
ATTENDANCE COST, IN- 
COST OF ALL OTHER 
PLANT REPAIRS 


PLANT NUMBER 


Suh 
n 
jor 
o 
8 


Intermittent Operation in 1932;]Records Incomplete 


1,169,971 33.8 55.9 34.1 6.00 7.44 0.57 
1,131,661 32.7 59.2 51.2 5.69 6.60 0.65 
1,259,958 58.4 58.3 34.1 5.41 6.29 0.73 
1,176,048 56.0 57.4 52.4 5.13 5.94 0.68 


159176, 0008 |qaeatte=o=—1|\aan= 14.400 es acon EOen4 
SAPO || Sios || See) ease |b iesee | Sane |) ase 
3,324,653 | 59.8 | 74.4] 63.8] 3.62 | 3.43 | 0.81 


833,560 ---- ---- ---- 3.25 5.47 0.82 
1,481,990 41.0 46.9 51.0 5-43 3.83 0.52 


606,740 9.1 | 83.3 | 10.8] 5.40 5.40 1.80 
650,831 502 77.2 12.5 5.50 5.36 | 0.70 


1,622,876 || 20.7) |) =a==! | oe==| 4.621] eaeco |nOr5s 
2,148,010 ||) 2705 |) ease) | sacs | 4545 | eases onso 
25207500, |e aon |enest [meee = |e Scovall marece| mOkao 
2,064,882 | 24.1 | 58.3 | 51.4] 3.71 | 3.67 | 0.38 


Not Operated in 1932, Territory Served by High Line 
! ' ‘ 
No Reply to Inquiries for 19352 


1,553,500 37.2 ---- ---- 5.10 
1,609,550 | 38.8 ---- ==--- | 4.50 
1,565,000 | 39.0 | 56.5 | 44.7] 4.51 


1,675,810 26.0 48.0 57.8 3.23 
1,408,900 23.3 50.7 45.4 3.12 
869,940 21.4 51.9 27.4 2.36 
365,350 9.7 84.2 6.9 2.38 


1,133,027 |.17.0 | 49.1 | 37.7 | 3.62 
1,215,181 | 24.3 | 61.5 | 32.2 | 3.56 
967,500 | 19.7 | 50.9] 31.5] 2.74 
727,500 | 17.7 | 41.2 | 29.8 | 2.82 


Incomplete Data Furnished For 1932 


4,867,305 | ---- | 55.5 | 88.7] 5.08 1928/30 78 
1,906,347 | 31.4 | 46.5 | 69.2] 5.07 1931 
1,507,615 | ---- | 44.4 | 59.8 | 5.15 1932 


4,110,052 | 74.3 | 74.6 | 94.9] 3.82 1930 
4,616,205 | 78.0 | 84.9 | 95.8 | 3.31 1931 
4,524,387 | 78.7 | 85.2 | 96.2 | 3.20 1932 


1,091,000 21.9 76.3 25.7 3.00 1931 
324, 600 6.7 82.35 7.3 1.87 1932 


1,405,473 ---- 96.7 49.4 4.32 1930 
1,974,459 33.4 81.4 43.7 5.98 ec 1931 
2,974,884 50,7 94.5 56.4 3.25 ° 1932 


2,156,540 41.0 69.4 52.7 3.55 1930 
2,780,400 59.5 82.7 60.3 5.50 1931 
2,950,500 62.6 81.6 64.5 4.01 1932 


Data Not Received for 1932 


1,677,827 ie===. |) 6502 |leeen. |) Se57 | Uys 3.05 
1,774,521 | 39.9 | 64.5 | 56.7 | 4.73 | 6.37 3.28 
1,352,480 | 35.4 | 65.8 | 38.0] 3.44 | 4.85 3.67 
1,500,880 | 42.8 | 61.5 | 48.9] 3.74 | 4.59 3.04 


2,300,000 50.4 70.6 63.7 3.26 5.68 2.12 
2,355,470 52.8 71.0 65.2 2,65 3.06 2.00 
1,975, 660 44.2 69.0 56.2 2.55 2.90 2.21 


38,740 1.5 50.6 3.0 5.00 | 11.17 6.24 
68 , 389 1.7 47.0 3.6 5.39 5.34 5.26 


Incomplete Data Furnished for 1932 Because of Reduced Force 


800,000 | 32.4 27.4 59.5 4.10 5.22 0.93 8.63 1.03 
951,426 58.4 31.5 64.0 3.68 4.40 0.36 5.99 0.78 
998,200 41.4 32.8 64.1 2.76 5.38 0.82 5.86 | 0.354 


2,122,057 | 46.5 92.5 50.2 4.10 | 4.13 | 0.56] 1.61] 0.15 
1,906,182 41.5 76.2 55.0 5.84 &.70 | 0.51 1.56 | 0.50 
1,655,114 54.0 76.2 47.4 3.12 3.09 0.23 1.80 |} 0.62 


828,880 18.1 74.1 25.9 3.72 3.21 0.65 1.66 0.85 
575,200 12.2 76.5 15.5 5.535 5.51 0.37 1.96 1.06 


915,865 21.4 76.8 24.7 3.56 5.09 0.34 1.59 0.70 
482,220 11.3 74.5, ] 13.4 3.51 5.58 0.54 1.88 0.87 


49,340 2.2 ---- ---- 4.08 7.70 1.01 | 44.50 | 11.92 
557,470 12.1 ---- ---- 3.41 3.46 0.61 4.71 0.90 
929,460 19.7 82.7 23.6 3.55 5.18 0.53 2.65 0.78 


TABLE IL - COMPARATIVE COSTS - 1929, 1930, 1931 AND 1932 REPORTS (PAGE 4) 


COSTS PER NET K.W. HR. - MILLS 


INCLUD- 


AVERAGE COST OF FUEL OIL 
COST OF ENGINE REPAIRS 
TOTAL PRODUCTION COST . 


ANNUAL PLANT LOAD FACTOR 
-CENTS PER GALLON 


COST OF SUPPLIES AND 
TOTAL OF ALL SUPPLY, 
REPAIR, AND MISCELL- 


COST OF ALL OTHER 
ANEOUS COSTS 


PLANT REPAIRS 


ATTENDANCE COST, IN- 
. CLUDING SUPERINTENDANCE 


RUNNING PLANT CAPACITY 
PLANT SERVICE FACTOR 
LUBRICATING OIL COST 
MISCELLANEOUS , 

ING WATER 

PLANT NUMBER 


| toTAL INSTALLED B.H.P. 
FUEL COST 


PLANT NUMBER 
| TOTAL NET OUTPUT 


18.7 5.75 5.96 
20.8 4.84 4.91 
17.7 4.00 3.70 


454,041 
592,895 
554,765 


BSS 
ors 


Our wo nnn 


1,180,517 
1,068,900 


31.7 5.53 3.23 
33.2 3.25 3.12 


mee) 
oo 


42.2 4.43 | 5.19 
41.8 3.42 3.47 
46.7 5.52 6.57 


1,165,300 
1,195,128 
1,443,130 


aeS 
aN 


Not Operated in 1932, Territory|Served by High 


604,312 ---- 51.5 4.27 6.05 
691,477 38.6 51.4 3.45 4.66 
644,357 51.0 51.2 | 35.61 4.98 


673,300 56.2 | 3.87 | 5.02 
933,200 60.5 | 2.83 | 3.35 
967,000 59.2 | 3.10] 3:52 


860,110 
835,219 
675,376 


32.7 6.51 7.28 
31.6 6.20 6.78 
28.5 5.53 6.01 


SFE 


Qaor oar on 


1,163, 600 
1,098,900 
891,200 
810,190 


33.7 5.94 6.03 
30.3 | 4.97 4.73 
25.6 | 4.58 4.38 
23.4 | 4.47 4.59 


Ono~ 
rPNNO 
eee 


. 


603, 260 saa= |) 4-60) |) 6.82 
710, 280 ens || gis | So 
694,060 cece |) Gas) Beer 
612,980 33.1] 3.63 | 4.87 


No Reply to Inquiries for 1932 


750,419 | ---- | ---- sawn, 1 e666 
1,435,454 | 55.6 | =--- | =--- | 4.49 
1,504,859 | 28.1 | ----| ---- | 3.97 
1,558,285 31.5 71.4 55.8 2.77 


ee ee 


TIPO 


726,486 | 20.8 | 74.0} 29.3 3.68 
708,626 | 19.7 69.9 29.3 | 35.88 


678,550 19.5 78.5 | 25.5 3.84 
572,600 17.2 | 78.0 22.4 | 3.79 


1,539,900 | ---- | 52.3 | 79.6] 6.39 
1,555,200 | 38.7 | 68.4 | 64.7] 4.20 
1,360,330 | 37.9 | 64.3] 60.7] 4.63 


POPRO OW NR QR GAUNPNA 


NAQH NOR DA OW 
. 


772,985 | 40.8 | 53.3] 67.8] 4.63 
995,145 | 38,0 | 60.2] 61.2] 4.20 
1,015,336 | 54.6 | 58.3 | 52.4] 3.31 
842,314 | 40.5 | 51.4] 49.7 | 3.94 


eee 
sreeue 


627,820 | 25.5 | 47.7 39.7 | 4243 
640,360 | 25.7 46.9 41.7 | 3.27 
609,820 | 31.2 47.9 38.6 | 3.14 


Bae 


577,920 39.8] 58.1] 3.41 
591, 620 55.1 | 3.25 
592,210 38.8 | 2.49 
122,230 9.2] 2.31 


Qh AKL AHAD ARKH AG Aa AAhAh 


cee 


rPRPrRrY OCOO0 CO00 Oo 
COND AN@O Acoo 
OMRar WOW KPAWO 


a wIAw 
anwmn 


713,335 6a5 ||| Geo) 
633,751 51.3 | 3.36 


364,500 
407,085 
412,636 


---- 6.47 
35.4 6.29 
38.5 6.17 


40.3 | 3.56 
40.6 | 35.79 
43.0} 2.34 
43.1] 2.44 


666,871 
768,521 
706,879 
670,782 


AQAgQn Age 
NATO aS 


eeee 


10.7 5.72 


222,100 
7.1 | 3.72 


142;730 


a 


No @ONUAY FO! 


a 
wa 
. 


403,022 37.5 | 5.50 
452,970 42.6] 3.93 
421,162 | 33.4 41.7 | 4.71 


Incomplete Data Furnished for 19352 
Reported "No Data" for 1932 


432,940 | 38.5 | 33.2 | 57.0 4.85 

489,446 | 39.1 | 37.2] 55.6 | 5-82 

490,130 | 58.9 37.1] 53.4] 3-11 
¢ 


No Reply to Inquiries for 1952 


268 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE IT - COMPARATIVE COSTS - 1929, 1930, 1931 AND 1932 REPORTS (PAGE 5) 


COSTS PER NET K.W. HR. - 


K.W. 
CLUDING SUPERINTENDANCE 


COST OF ENGINE REPAIRS 
TOTAL OF ALL SUPPLY, 
REPAIR,, AND MISCELL- 
TOTAL PRODUCTION COST 


MISCELLANEOUS, INCLUD- 
ANEOUS COSTS 


AVERAGE COST OF FUEL OIL 


ANNUAL PLANT LOAD FACTOR 
- CENTS PER GALLON 


COST OF SUPPLIES AND 
COST OF ALL OTHER 


PLANT NUMBER 
TOTAL INSTALLED B.H.P. 
TOTAL NET OUTPUT 

H 
RUNNING PLANT CAPACITY 
PLANT. SERVICE FACTOR 
LUBRICATING OIL COST 
ATTENDANCE COST, IN- 
PLANT REPAIRS 
PLANT NUMBER 


FUEL COST 
ING WATER 


No Reply to Inquiries for 1932 


428,290 28.9 ase 
480,204 25.1 47.1 
485,760 24.7 39.2 


Bie Use) |) oases ——o 
$72,550 | 55.4 35.7 
349,820 | 33.1 39.2 
346,440 | 35.9 41.2 


349,169 | 33.6 49.8 
326,408 | ---- aes 


981,240] 44.8 49.5 
982,300 


437,000 
432,500 


Data Not Repeived 


109,735 | 7.2 3.79 
77,122 | 5.1 3.58 


307,163 44.3 3.39 
No Reply tp Inquiries for 
379,380 ---- 42.8 2.80 


184,000 ==—= satis 9.14 
216,000 ---- on 7.79 
220,000 25.4 37.9 7230 


190,375 30.1 ---- 4.93 
208,890 30.8 ---- 4.06 
194,105 32.0 28.8 3.63 


86,887 ---- 20.5 5.55 
99,300 ---- 21.2 5.48 


195,850 30.4 29.7 4.02 
184,346 29.0 29.6 4.09 


123,538 23.0 o--- 3.41 
No Replies] to Inquiries for 1931 


175,200°| ---= | 26.7 | 29-7, 2-82 


Incomplete} Data Furnished for 1932 
' ! 
No Reply tp Inquiries for 1932 


185,000 ---- worn RASS 4.30 
156,800 18.3 22.8 49.9 4.12 


151,850 11.3 41.5 27.1 5.98 
184,560 13.7 42.5 31.9 5.56 
77,310 5.8 27.7 20.9 5.04 


Incomplete] Data Furnished for 1932 
14,800 65.0 4.82 
3,293 62.5 5.78 
1;788 62.1 3.00 
15,893 13.7 7.00 
21,035 16.1 7.00 
5,832 13.4 5.37 


Reported "No Data" For 1932 


8 months 
" 
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TABLE III - INFORMATION COVERING LUBRICATING OIL (PAGE 1) 


PER GALLON 


P. HRS. 


P. Me 
OIL FOR CYLINDER LUBRICATION ONLY 


TRUNK PISTON OR CROSSHEAD? 
YEAR ENGINE STARTED TO WORK 
ENGINE HOURS OPERATED IN 
REPORTED PERIOD 

GALLONS OF NEW LUBRICATING 
GALLONS OF UNFIT LUBRICATING 
OIL DISCARDED 

OF NEW LUBRICATING OIL 
RUNNING ENGINE CAPACITY 


FACTOR (SEE TEXT) 
RUNNING PLANT CAPACITY 


ENGINE DESIGNATION 
CRANKCASE? 

EQUIVALENT K. W. - 90% 
GENERATING EFFICIENCY 
NUMBER OF CYLINDERS 
STROKE - INCHES 

RATED R. 

GENERATOR RATING - K. Ve. Ae 
RATED HORSEPOWER HOURS 
IN REPORTED PERIOD 
TOTAL GALLONS OF NEW 
LUBRICATING OIL USED 
RATED H. 

FACTOR (SEE TSXT) 
GROSS OUTPUT - K.W. HRS 


GROSS K.W. HRS. PER GALLON 


OF NEW LUBRICATING OIL 
AVERAGE COST OF LUBRICATING 


LUBRICATING OIL TREAT = 
MENT (SEE NOTES ) 
OIL - CENTS PER GALLON 


| PLANT NUMBER 


|| 
| 


@QQ88e20H 

SAQRRRRe 
000000900 
DADE PAHDA 


wodrrrrenst 


Wy odd 
HRAgaay 
e000000 
rary 

CDOAARS 


PEP er 


B 
DARDS 


reEER ct 
Bieh 


io] 
ct 


nnn Pnynnn 

Seer 
aaa 9888 
ooo 


eS Tes 

Pr pP Pr aad 
qaa0Qqa 
QRayu8 
aqn000 


Ss 
Perr ere ct 
RARIES 
eo00000 
DAADWADVH 


Peer 


BAS 
QDADH 


5 


Se 


a) 
a 
ag 


ane 
ra 
PP > 
B38 
foTozo} 


i) 
v 
fo 
i] 
Ga 


"don CH 
e 

fess 
Gaatadatad 
BSS 
oo00 


than H 
Cael 
SS 
oo0o°o 


g 


op 
RREER 
oo0000 


wane PP won 
Ga 


Es Pe 


WOPanNrH VaranH 


146,500 
142,000 
676,000 
1093000 
244,920 
219,960 

9,633,750 
25,833,750 
20,385,200 
57,391,080 


662,760 
1,686,750 
1) 328,250 
3,949,100 
4,252,700 
9,252,000 
2,154,900 
23,286,460 


2,910,810 
5,711,250 
5,701,250 
3,321,250 

57,300 

17,701,860 


1,424,400 
2,214,000 
4,900,500 
3,568,500 
5,616,000 
17,723,400 


6,576,250 
7,017,500 
3,055,000 
2,422,500 
19,071,250 


7, 608 , 000 
3,225,000 
6,103,750 
16,936,750 


648,600 
269/400 
1,084,500 
6,440,000 
4,939,250 
13,381,750 


24,278,400 


2,832,000 
1/945, 200 
2,601, 600 
2,512,800 
9,891, 600 


3,630,880 
4,394,720 
8,025,600 


4,304,450 
4,547,100 
4/704, 650 
13} 556,200 


6,097,560 
6,122,760 
6,331,080 
6,499,080 
25,050,480 


260,400 
3,895,200 
2,780,000 

884,250 
7,819,850 


2,803,920 
3,533,880 
2,504,160 
810,000 
61,560 
9,713,620 


18,138,000 


999,000 
1,243) 125 
709,875 
2.952.000 


656,250 
473, 200 
859,750 
3,153,750 
3,764, 640 
8,707,590 


° 
468,750 
1,924,000 
3,600,000 
4,500,000 
10}492,750 


67,792 
68,472 
296,550 
50,280 
126,210 
116,310 
6,559,500° 
14) 407,200? 
10,423,800° 
32,116,114 


288,440 
573,830 
442,440 

1,593,100 

1}716,210 

4,315,600 
496, 900° 

9,426,420° 


1,374,500 
3,074,600 
3,078,500 
1,731,100 

22,700 
9,281,200 


544,000 

920,100 
1,778,500 
1,542,500 
2,357,000 
6,942,100 


2,875,700 
3,140,500 
1,356,900 
1,136,400 
8,509,500 


3,205,000 
¥, 408, 600 
$, 053,600 
7,757,200 


188,900 
86,075 
393,000 
2,780,425 
2,128,975 
5,577,375 


cp O00 


15,507,500 


1,309,700 

851,100 
1,211,700 
1,184,300 
4,556,800 


2,000,000 
2,438,850 
4,438,850 


2,827,090 
2,989,580 
3,084,590 
8,901,260 


3,314,100 
3,058,300 
3,462,800 
3,628,400 
13,463,600 


2,384,995 


1,000,500 
878,300 
862,900 
293,400 

16,000 

3,053,100 


5,208,800 


297,800 
399,360 
275,960 
973.120 


259,100 
174,000 
260,800 

1,157,200 

1,552,300 

3,383,400 
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TRUNK PISTON OR CROSSFEAD? 


CYLINDERS OPEN OR CLOSED TO 


CRANKCASE ? 


RS 


PER GALLON 


CAPACITY 


EFFICIENCY 


- INCHES 
OIL FOR CYLINDER LUBRICATION ONLY 


INJECTION SYSTEM (See Notes 
YEAR ENGINE STARTED TO WORK 
ENGINE HOURS OPERATED IN 
GALLONS OF NEW LUBRICATING 
GALLONS OF UNFIT LUBRICATING 
OIL DISCARDED 

GROSS K.W. HRS. PER GALLON 
OF NEW LUBRICATING OIL 
AVERAGE COST OF LUBRICATING 
OIL - CENTS PER GALLON 


REPORTED PERIOD 
LUBRICATING OIL TREAT- 


EQUIVALENT K.W. - 90% 
CYLINDER BORE - INCHES 
GENERATOR RATING - K.V.A. 
RATED HORSEPOWER HOURS 
IN REPORTED PERIOD 
TOTAL GALLONS OF NEW 
LUBRICATING OIL USED 
HRS. 
OF NEW LUBRICATING OIL 
RUNNING PLANT CAPACITY 
FACTOR (See Text) 
GROSS OUTPUT - K.W. HRS. 
MENT (See Notes) 


GENERATING 


PLANT NUMBER 
ENGINE DESIGNATION 
SCAVENGING SYSTEM 
NUMBER OF CYLIND: 
RUNNING ENGIN 
FACTOR (See Text) 


RATED H.P. 


STROKE 
RATED R.P.M. 


1,945,440 
1,800,000 5 
3,745,440 2 997 ,200 
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1,800,720 
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2,271, 600 912,400 


1 
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3 
4 
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th 
1 
1 
1 
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1,286,700 578,100 
1,911, 600 5 804,400 
3,198,300 1,382,500 


792, 600 414,600 


900,720 - 309,300 
774,800 = 299,300 
900,450 281,940 

2,575,970 ~ 890,540 


300 
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2197 600 
66,200 
469,400 139,210 


1,748,520 453,400 
681,840 214,900 
2,430,360 


232,000 

878,000 

718} 800 a 
1,828,800 3 431,636 


446,880 
720,540 
368,160 

1,535,580 


1,415,760 523,700 
212,850 : 59,460 
414,300 140,740 

2,042,910 723,900 


137,750 4 66,336 
172,500 c 87,214 
310} 260 1553550 


524,520 111,535 
514,440 1097373 
697,920 220,500 
1,736,860 441,408 


1,396,800 396,955 
747,600 4 205,550 
2,144) 400 602,505 


274 


TABLE IIL - INFORMATION COVERING LUBRICAT. OIL (PAGE 6) 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


=3 

z 2 

Fa 2 3 S 
E | 5 e 3a] 4 | oa 
a3 : ac] a | #8 
S 2 
3¢| 43 e 8) Soobee 
Fides ; 53] 82 | 58 
Be ae 2S or a 
oo Zo 5 oe os oe 
° is +B G sa 
Be) he: 8 em) Gz | Se 
Sen ies ° i a2 sl 
AS as 2 aa} 3 <) 
a6| g8 2 2g] ge | Ba 
Be| Bs 2 es | eal 


ie] 
xz 
co} 
.) = i} 
BR RE alee gb) & 
olm a a 2 fas] ee < 
Fle a > ° ae I 
3312] 8 By a al ee Ie g eo| cel & 
wl {2 i} oa 2 S . @ Za ma ae 5 
=} a C4 ' [eo] is] 2 o =D R gs 
& & ° =o a ‘ o oS fa cor oe Ag is] 
4 a = =< wa Ba og a H 
SL lelalo|B me | 2 Ealapeuliice Ee | E 
« |& alm | & . si | 3 fe Ss : 2. ne & 2° 24 6a 
Led s ow & ae o g a a s fa Ba Ha ° att a 
gEleelelan| = | 81s Ve || Genki 26 Bel ose |) se 
ge Aeeat) 2 | Beil el le | a) eg] fe) oe gel lc 
e lz Ble] eS a Sa a I g a = Sa a BH] S32 | 3a 
= 8 = z B a Q & o a) & Ao a 2 8 3 
a legiselee| © | gale] #1 E&|e)2 a4 sé ca) (ubee lege (ae 
oO n oO a ao = o n So is} a oo [oKo} 
695 | 1 iso | 1932 433,785 ° 
2 150 | 1932 409,530 ° 
3 90 | 1931 523,680 0 
Pl 390 1,366,995 ° 
33s | 14 219 | 1924 1,572,000 63 
2\4 150 | 1920 444,960 35 
Plent 369 2,016,960 98 
ear | a 160 | 1928 696 ,000 
2 75 | 1920 585,000 
3 40 | 1915 60,000 
Pl 275 1,341,000 
1129 | 2 72 269,775 
2 72 2,250 
3 72 32;960 
4 125 718,800 
Pl 341 1,023,785 
ios | 1 ies | 1922 670,050 
2 75 | 1926 278,040 
3 75 | 1923 391,800 
Plant 275 1,339,890 
1091 | 2 1s0 | 1930 
2 |2 lu 150 | 1929 
Plent 300 ou- 
rer | rJ2fu 300 | 1929 95 
ise | 1fe}n --- | 1925 20,880 © || eeeee see 
ees | 1\2 Im 1923 47,200 
2 |e i 1926 728;160 
3 te In 1927 755, 640 see 
Plant = 1,531,000 100 
1s7 | 2 111 | 1951 ote 
2 170 | 1931 — 
Plant 281 C 62 
74 11 , | 135 | 1917 80,355 
2 135 | 1920 86,400 
Plant 270 166,755 
as7 | 1 150 | 1929 1,002,780 
2. ~— | 1927 486,300 
Plent == 1,489,080 
1055 {1 ~ 265 | 19ze% 1,175,040 
265 |1 p 4s | 1927 153,300 
2 p 90 | 1927 445,200 
3 P ii | i9s1 385,100 
Plant 249 964, 600 
a7 a p 0 1926 462,975 
2 1926 626, 640 
Plant —— 1,089,615 
ez | 1927 668,700 
2 1927 78,760 
Plant 747,450 
1 E 125 | 1929 621,600 
2 P 90 | 1929 556,800 
Plant 215 1,178,400 
626 |1 lo 95 | 1930 487,920 ao 
2 P fo 95 | 1930 534,960 
Plant 190 1,022,8¢ = 
sis | jo 94 | 1926 525,600 
2 lo 94 | 1930 525,600 
Plant 188 1,051,200 
reo | rh 200 | 1928 440,160 
ge4 [2 219 | 1928 91,125 Sih || aaaee 
A 
ne [1 P 
2 
A ; 
4 Ic 
Plant 
133 cE 60 
2 60 
Plant 120 
90 


646 2b » 


NOTES: 


In jection System 
A - Air 
M - Mechanical 


Scavenging System (2 Stroke Cycle Only) 
C = Crank Case Compression 
P - Attached Pump or Blower 
B - Independently Driven Blower 


Lubricating 011 Treatment 
CC =~ Continuous Centrifuging 
BC = "Batch" Centrifuging 


Cc - Chemically 
FP - Filtering 
3 = Settling 


LETTERED NOTES 
a - Fifth Day of Sth Month 
b - No Deduction for Motor Driven Scavenging Blower 
- Twenty-First day of 9th month 
- Twenty-Fifth day of 12th month 
- Horizontal engine 
- Rating revised from previous report by operator 
- Date originally installed; started in this plant, first day of 
fourth month (provided start is Jan. 1st.) 
Estimated 
Semi Diesel 
Started twenty-ninth day of second month 
Started tenth day of 6th month 
Started ‘before period began 
Date of original installation; installed here 1924 


Sure me oo 


ewe 


436,340 


368,100 
134/030 
502,130 


203,450 


245,000 

57,920 
107,300 
410,220 


437,500 


41,040 
40,302 
81,542 


321,200 
107,504 
428,704 


235.385 


112,800 
98,500 
211,100 


216,000 
219,300 
435,300 


- With baffles 
- Originally sold for 257 R.P.M. 
- Supercharged to reproduce 3ea level conditions 
- Date of original installation; installed 
in this plant in 1928 
s - Date of original installation; installed 
in this plant in 1930 
t.-- Second unit was discarded end of llth 
month, and third unit started in its 
place 
u\= Started first day of 5 month period 
v - All units belt drive, D.C. generators 
te of original installation; date of 
installation ih this plant unknom 


HO OB 
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es 


sdN 


: g 2 
P, i o zx 
2 aot § Pal aie P ofl 
8 By z Baler te : Oe ae 5 bd da 
rt : So ist oS 
S g | z 5 ' @ | se of S % Salle ao Bal Q Ei aN 58 
& om z ' ° BS 3 Ea Sf| s- I ps| & ee 
Ale ee ee g 2 | a | 8& : ale aciesn ae| £| 'h [68 &e 
= n 5 od 5 2 . EB a GI = a @ 2 aA ae Om r=) wo | = 
2) = o g & z 2 Ba 5 ta Es Au) & Be & E | 1 
So i] . ot & & vn 
Sle 2 2\s5 % Be 5 8 7H] $2] 38 a 3 Blah ab 
a . & Cy fa ' : oo fs i) eo Real teas na g& 6 =) Se] es 
a g 2 a ag S 8 ey ) fo) ie 2 3 ete, ’ iB o a i) es es =) 
eee 8 =a 5} a fe a Ss fi 28 a ey Pi) 2a! 2e a mo] a] 25 all om 
aae|s| 2 |82 18) 8 |E| z| a | a | es 2 gi} P25) eel as ea g:| ® ge [Es Bs 
ao 7) ct & oy be =< <n m 
& BA 5 z BS Ba | ee #8 25| a] 28 |B3| ee 
43] 4a 3 295 67,792 
7,100 
sift é fe|  ese'seo | sates ate p Antots 0016'S 
del 6 109 50/280 57403 aA 
alal’ 471 126,210 14,458 
alate < 2 oe 116,310 13,235 
6! 6,559,500. 636,741 
8) 2/a r 6,889 | 147407'200P| 1,145,701 
eae ‘3 6 4,972 | 10,423,8008| "772; 682 
an 32)116,114"| 2,656,034 85.3. 3.48 | No | 2,500 | w | N 
62 ala 4 1,841 288,440 28,4353] 10.14] 64.8 26°- 32° A-P.1) 32" S.U.@ 100°F; 
2| 3|h 4 23249 573,830 68}626| 8.56] 50.7 8-0.27%; CC-0,06%; Trace 7 
3] 2]a 4 1,771 442,440 51) 685 8.56| 49.6 Ash and BS & W; partly by 
4] 2]A 6 33434 | 1,593;100 156,667] 10.17] 60.1 Tank Truck 
5} 21a 6 3,698 | 1,716,210 167,662] 10.24] 60.1 
6] 2) 8 8,168 | 4,315, 500, | 401,654] 10.74] 69.4 
aloly 10 653 "496 +800? 42,006| 11.634 34.3 
Plant 9,426,420 916,713] 10.27’ 60.3. 4.48 | No 2s |N im 
$2] 14a 3,507 1,374,500 122,955] 11.17] 70.4 25.6° A.PoI+, SU=435"@ 100° P, $-0.6% 
2) 4]a 4,569 | 3,074,600 271,051] 11.34] 80.1 CC-0.3%, Ash-trace; BS & W-0.6% ( 
3} 4A 4,561 | 3,078,300 271,739] 11.33] 80.3 
4] 4]A 23657 | 1,751,100 153,646 | 11.27| 77.5 
Slat, 20 22,700 1,970] 11.52] 59.0 : 
Plant 9,281,200 821,359] 11.30 78.1 4.41 | Mo |» | B-BF 
o1 | 1)4]u 2,374 544,000 | --- 56.9 
2) 4) 3,690 920,100 61.8 220 A.P.I. 
3) 4)u 4,356 | 1,778,500 54.1 is 
4] 4) 3,172 | 1,342,500 56.0 
Slala 3,120 | 2}357;000 o----| 62.6 
Plant 6,942,100 4 11.37 58.4 3.12 | wo | 6,000] mw | F 
73 | if2la 6,261 | 2,875,700 279,925 | 10.28] 65.1 
2\2\a |P 5,614 3,140,500 305,035] 10.29] 66.6 10°-14° A.P.I. 
3}2la 2,444 | 1,356,900 135,375 | 10.02] 66.1 
alata 1,938 | 1,136,400 113,034] 10.05] 69.8 
Plant 8,509,500 833,369 | 10.21 66.4 1.22 | wo | 1,000 | ¥ | B 
92] 1fela 3,170 | $,295,000 64.5 
del 868 | 37565888 ee pro 
4 dl 
Plant 7,787 , 200 66.2 2.04 | ves | 2,560 | w | F 
45 | 1j4ja 1,081 188,900 43.4 21° A.P.1.; SU-65"@ 122°r 
214]a 449 86,075 47.6 25h4 S-1.47%; CC+7.74% 
3l4la 1,446 393,000 $4.0 ah--036%; Be & W~2.5) 
4}4ala 5,600 | 2,780,425 64.3 P *h 80-43"@ 26°C; 
51 4la 4,295 | 2,128,975 64.2 75) 3 2%; BS & W-trace 
Plant 5, 677,376 62.1 All oth in tank wagens 5.87 | Ho 60) wi L 
B4| ij4la 27.2 | Ps I.j SU=280"@ 60°F; 
2t4|a $-0.7%; & We2.0% (EST.) 
SB) 4fa Crude sae thea pire 
“4 7 A line from 011 field 
A 
6] 4]A 
Tala - | + = : 
Plant 40,464 | 15,507,500 | 1,367,962 95. 1.58 | Yee 400] | w 
iso | 1}4la 4,720 | 1,309,700 113, 696 68.8 
2\4aja 3,242 851,100 73,820 65.2 16°-30° A.P.I. 
3l4la 2;168 | 1,211,700 112/570 | 10.77 | 69.4 3 - ace 
alata 2,094 | 1,184,300 107,517 | 11.02 | 70.2 
Plent 4,556,800 407,603 | 11.17 68.6 4.02 | wo 760| ] L 
187 rela 2,065 | 2,000,000 182,880 | 10.94 | 82.0 24°-26° A.P.I 
PUP 2,497 | 2,438,850 225,350 | 10.82 | 82.5 BS & W - 0.25 
Plant 4,438,850 408,230 | 10,87 82. 4.16 | wo | 1,016] P] PF 
| als w  [o8s8] gescr] 2,908 | tees | suze | ersezrene | getsses | tecez | ge:8 | | 570 beh Zeteg;"iahSateage™” 
alata t 66. 6 . ‘ s- CC=2%; Aeh-0.04 
alata 23 '5| 166.7] 1,000 45001 | 3,084/590 298,401 | 10.33 | 97.7 
Plant 3,000 8,901,260 841,788 | 10.58 97.8 2.33 | No 735) wi] ob 
164 | 1/4] 6| 19.5 |24 214 | 1,000 7,259 | 3,314, 100 - 81.0 27° AAP oTey SU 47.2"@ 100°P 
2141 6| 19.5 |24 214 | 1,000 73289 | 3}058,300 74.4 $-0.481%; Aeh - 0.2103% 
sia} 6] 19.5 |24 214 | 1,000 7,837 5,462,800 |. - 81.5 Be & W; 1.266%; Thru 
alate 6] 19.5 |24 214 | 1,000 7,737 | 3,628,400 83.2 Pipe Line from Refinery 
Plent 4,000 13/463,600 |1,051, 80.0 2.59 | No so} wil ® 
3 i; ™ 6 sha Fs eou 5 S 22.8° Poa e ile 
2lala 8 675 | ,869 | - - BS & W = 0,04 
3] 4]a 8 3)475 | - = 
4 6 786 | - a= ||(== : S 
Plant 2,384,995, 241,174 45.4 4.60 | No 20; wi x 
720 | 1/2] 6 3,338 | 1,000,500 | ~~ z 65.1 3 
2\2\u 6 4,207 878,300 37.0 26-32° A.P.I. 
sietn 6 3,478 862,900 61.35 BS & W 1.0% 
4l4[n 3 2,700 293,400 53.8 
slaty 2 162 18,000 |-- - - | 43.6 
Plant $,053,100 445,892 | 6.85 46.8 2.92 | No | 4,860 | w | 
> 920 (27. 7° Sy 58%6 1000P, 
77) 1j2|m 10 6,046 5,208,800) 374,246 | 13.920) 42.8 | 42.8 ogi -6 gis B58 AS or org; 4.52 | yee | 4,000 | w | w 
109} alela 1,480 297,800 35,542 | 8.45 | 44.5 24-26° A.P.I.3 S-0.5% 
2l2la 14.875 1,105 599,360 47,470 | 8.41 | 47.8 Aoh- less than 1.0% 
3lela 14.875 631 275,960 32,686 | 8.44 | 57.9 BS & W - 0.2% 
Plant 973,120 115,498 | 8.43 49.2 8.69 | wo | 4,300 | w | ™ 
71 alain 1,875 259,100 58.8 36-40° A.P.1.j SU-46.4" 
alalu 1,352 174,000 - 54.8 @ 100°F; S-0.23% 
3lalu 1,885 260,800 - 58.9 CC = 0.016%; Ash 0.012%" 
alalu 4,205 32187) 800 - 53.7 BS & W 1.3% 
4,048 | 1,562,300 - - 61.4 
piant : 3)385,400 264,535 57.9 3.27 | yes | 1,280] F| w 
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Sa TABLE IV - INFORMATION COVERING FUEL OIL ( PAGE 
: a 
4 g 5 3 i = al @ 
qs < 2 3 ee & 
8 > = Q g g 2 & = a ,|22 
fe BS i. & So H 3 & iS a 
a 2 &| 2 i a « = (ee as |5| f BSe8 
' A PS a 
Alia ey a8 SE RE| ae K S| & | ge |g. ue RS selec 
a |8 : sei al! |a g 3 | 88 5 males B Iss 3 we | &| ta Blea 
«| S42 & wai] BS] B B ; 5 a oe & a re Bo lek a a= | #| BE EgleS 
gagae| ws! Sl a |e |4 a] a] ge E 2 | “a | SB las i Se | & BS [.".8 
Ss) s\a5/4 : B| S|] « ' es 3 B § 5 3 ice BS jaa ae 82 Gs |eajR5 
= Sis a El beeen | poh co & BR ° ee) Be ies x) ao || 2a a 
sage) @ | Belgie |2 jel @| sl #! | 2 = | ge | Be a: || es Baa? 
) 8 a = me 2 
aie Ss 5 B| 8 & F 2 Es 8 B 3 eblES 
R\Glga|S | 3 Se; G/B |E ja | & | Ba 8 & | & | es es ee BS |a| 38 [eses 
732 | 1/4Jal- 250 tee | 4 | 13.75 [1765 | 267 Boo | isis] 0 a =F 5 = 
2iala|- 250 ies | 4 | 13.75 |17.6 | 257 200 | 1916 1,875 = 
Sl4iAl- 520 349 4 1° 24,5 200 500 1s21 3,700 - 
4l4lal- 750 504 | 4 | 25 = 32 150 625 | 1923 | 4,800 = 
slala|- 750 504 | 4 | 28 32 | 150 625 | 1926 6,000 |-- 5 
Plant 2,520 | 1,695 2,150 SABE 00 3.17|No| 850] nN} W 
o7e | ilel|p 840 sea | 6 | 16 20 257 700-| 1932 
2\2lu\P 840 564 | 6 | 16 20 257 700 | 1931 
s'olu|P 840 sea | 6 | 16 |20 | 257 700 | 1931 1,769 |-- Eyl PheeeecS =< 
Plant 2,520 | 1,692 2,100 2,274,700 | 194,103 87.6 3.57| -- Sao) ells 
gos | il2lalP 1,250 eso | 5 | 20.75 |26 [180 | 1,100] 1925 | 6,152 | 5,604,500 10-149 A-P.j_8.U» loss than 100" 
| 2leda |p 1,250 840 | 5 | 20.75 |26 180 | 1,100 | 1925 6,283 | 3,552,800 g 18) Bray se than os 
Plent 27500 | 1,680 27200 7,157,100 68.5 1.71 | No Sash i) as 
93 | 1l2lule 700 470 | 5 | 16 20 257 600 | 1928 5,680 | 1,281,100 26-28° A-P.I» 
2]2|ulp 700 470 | 5 | 16 20 =| 257 600 | 1928 62499 | 17569;300 
3/2|M|P 560 376 | 4 | 16 20 257 470 | 1928 4,104 838,200 
alalal- 520 349 | 4 | 19 24.5 | 200 446 | 19148 | 35,051 636,600 
| Plant 2,460 | 1,665 2,116 . 4,325,200 52.0 3.09 | No 1s] x] ¥ 
| 1 
| aaa | afala}- 900 604 | 8 | 17 24 =| 225 770 | 1928 | 5,500"|.1,444,400 18-20° A.P.I; 3.0.-66" @ 
2}alal- 900 604 | 8 | 17 24 225 770 | 1928 675008 | 1'521;500 17° pj Bide & We ~ Trace 
sl4la 875 455 | 6 | 17 24 225 sso | 1928 | 7,0005| 1/564;000 
| Plant | 2,475 | 1,661 2,120 ; 47529,900 | 365,527 | 11.75 |. ware 3.23 | no 200|K | B 
| | 
ao | 1/2|ulP 1,200 sos | 8 | 16 20 |267 | 1,050) 1932 == 
2'elu\p 1) 200 sos | 8 | 16 20 |267 | 1,041 | 1932 S82 iN\5 
Plent 2,400. | 1,612 27091 617,470 | 61,437 sss 3.68/No| ---|B| w 
eo | 1/4|u\- 800 537 | 8 | 19.6 |22 | 200 675 | 1024 3,748 | 515,500 
| 2|4\u|- 300 537 | 8 |ie.5 |22 | 200 e75 | 1924 | 1,808 240, 200 
| alaly|- 80 537 | @ | 19.5 200 2,8 = 
Plant 2,400 | 1,612 2,025 1,135,200 | 162,072 24.8 4.69| No} 4,000/" | x 
723 | il2|ulc soot | 202 | 6 jaa a7 207 250 | 1925 263 39,640 | 4,135 322369 A.P.Te 
2\2lulo soot | 202 | 6 | 14 17 257 280 | 1925 356 49,660 | 5,135 
3]2|M\P 720 asa | 6 | 16 20 | 257 600 | 1927 1,092 | 343,300 | 34,690 | 9.90 | 65.0 
lelu|P 1,050 705 | 7 | 16 20 257 910} 1932 27125 | 1,013,100 | 87,295 | 11.61 | 67.7 , 
Plant 23370 | 1,593 2,010 1)445;700 | 131,255 | 11.01 6742 4.31| No} 1,206)" | Ww 
41 | afala 520 349 22 |20.5 | 164 400 | 1922 | 3,289 | 689,590 | 70,240 9.82 | 60.2 20° A.P.Ty $.U+=47" @ 100°R 
alalal- 700 470 | 4 | 22 |20.5 | 166 500 | 1923 | 23865 | 766,200 | 733080 | 10.47 | 56.9 S.- LiSK} Cy Cr-00l 8% 
3lala|= 1,150 m2 | 6 | 23 29.5 |164 900 | 1928 | 4,101 | 2,202,300 | 205,165 | 11.17 | 70.8 
Plant 27570 | 1,501 1,800 3/748,090 | 348,485 | 10.75 65.5 4-10] wo so|x | B 
79 | 1]4fal- 225 isi | 3 | 16 24 | 164 ros | 1912 328 25,840 | 5,179 8.13 25° A.P.1; 8.U--64" @ 100%; 
2l4lal- 225 isi | 5 | 16 24 | 1e4 19s | 1912 965 79,560 | 8,469 | 9.38 $-0.4044; C.C.-16127% 
3]4|al- 600 403 | 6 | 16.25 |23 225 si2 | i920 | 4,754 | 1,269,900 | 105,440 | 12.27 Ash-trede; Water-trace 
aI: | ie | 32 | ¢/, [e [BS | Se] He | EER | oeses | see | us 
slala|- 403 . . ; 
Plant 2,170 | 1,457 ‘ 1,858 7 37456,400 | 201,550 | 11.86 66.4 2.49 | Ko seo|n | N 
s | 1)2\ulp 720 484 | 6 |16 |20 |257 1926 1,800 |--- 5 = 
2|2\«\F 720 484 | 6 | 16 20 =| 267 1927 ljaze = 
slels|p 720 48% | 6 | 16 20 | 257 1927 2,337 | -- 3 2 
Plent 2,160 | 1,458 2,721,770 | 286,585 9404 3.66] -- ce Width oc 
6 | 1J2lulc soot 22 | 6 | ie 7 257 1926 38 = 
2}4}al- 600 403 | 6 |17 |25 | 200 1926 1,303 
3}alal- 600 403 | 6 | 17 25 | 200 1927 15505 
alalal= 600 403 | 6 | 17 25 | 200 logs | 1,642 | -- : 2 
Plant 2,100 | 1,412 1,751,200 | 148,265 9764 
; | 3.94| -- Ssitenles 
68 | 1J2|uI\c 240 yer | 4] 24 jar | 287 200 | 1925 2,467 | 216,200 | 24,540 = ; 
2lelulc 360 zaz | 6 | 14 17 257 300 | 1925 | 3,622 479,600 | 54,080 | 98.87 | 54,7 = 
3|2\ulP 560 37e | 4 | 16 20 257 470 | 1928 43623 | 1,189,000 | 120,180 | 9.89 | 68.4 e 
alelu|P 900 60a | 6 | 16 20 | 257 774 | 1930 | 3/243 | 152945700 | 105,060 | 12.32 | 66-1 = 
Plent 2,060 | 1,383 1,744 3,179,500 | 303,860 | 10.46 63.9 3.60 | No 832 
8s | 1/4{al~ 600 aos | 6 | 16.25 |25 =| 225 520 | 1929 4,758 | 1,105,800 | 100,320 | 11.02 30° A.P.Iy 3-059; 
2/4/Al- 400 269 4 16.25 |28 225 340 1927 3,545 477,200 47,760 9.99 Ash-trace; BeSe & We =trace; 
alate) - 1,000 e71 | 8 | 17.5 |25 | 225 a7s.| 1952 845 | 2043500 | 18,890 | 10.83 Delivered in Tank Trucks 
Plent Bio00 | 1,343 1,735 1,7877500 | 166,970 | 10.71 5.00 | No le 
21s | 1]2)u/P 980 658 | 7 | 16 20 | 257. e45 | 1930 | 1,335 | 741,800 84.5 33,5° A.P.Iy $-0.22%; Ash-0.3£ 
2lelu|p 980 65a | 7 | 16 20 | 287 845 | 1930 823 | 453,200 83.7 
Plant 1,960 | 1,516 1,690 1,195 5000 84.2 ; 5.14| No | 2,150 
736 | 1f2jale | 2,125 755 | 6 | 17 2 180 900 | 1924 1,251 591,300 62.6 
2}4lal~ 400 geo | 4 | 16.5 |24 200 336 | 1922 25930 | 622,200 79.0 249-269 A.PoIe 
3lalal = 400 269 | 4 | 16.5 |24 200 336 | 1922 | 23528 | 552,000 81.2 
Plant 1,985 | 1,293 1,672 1,765,500 73.2 2.74|-xo | 200 
337 | ll4pate 780 504 | 4 | 23 |se |.so 625 | 1922 | 7,210 | 1,732,600,| 203,360_| 8.52.| 47.7 
214\Ale 450 302 6 16 24 164 415 1918 1,315 
3l4lal~ 225 isi | 3 | 16 24 | 164 200 | 1904 | 1%578 | J405,149'|{ 60,453 }] 27.259] 153.4 
alslal- 225 isi | 3 | 16 24 =| 164 200 | 1904 817 
slala|- 285 isi | 3 ]i6 24 164 1s7 | 1906 1,120 
Plant 1,875 | 1,259 1,625 2,227,749 8.19 48.9 2.49 | No 5 
1033 | 1/4Jal- 500 ss | 4 | 16.875|28.375| 164 350 170 31,520 55.2 
2l4la|- 500 336 | 4 | 18.875|28.375| 164 350 734 182/150 73.9. 220 + A.P.I, 
3}alal- 500 336 | 4 | 18.875|28.375| 164 350 1,385 204,710 61.2 ; 
4i4iain 350 235 4 16.25 | 21 225 250 660 40.1 26° & AsPele 
Plant 1,850 | 1,243 1,300 499,020 | 9.51 64.8 | S- less than 0.75% 3.42| xo | 5,800 
iss | 1)2/alP 1,760 | 1,182 | 8 |17 ~~ |2s 267 | 1,500| 1930 | 1,495 | 577,178 | 75,930 | 7.60 | 32.7 | 32.7 | 18°-22° A.P.1; B.S-AWs-0.3K;Pour-0°F| 5,67] No| 1,612 
212 | 1\4/al- 875 ses | 8 | 17.5 |24 200 671 | 1929 258 z0s,300 | 9,596 | 11.20 | 71.4 33° A.PeTg-SaUe- 42" @ 21027 
2lalal- 875 ses | 8 {17.5 |24 |200 671 | 1929 ese | 109,500 | 9,864 | 11.10 | 72.2 S = 0,08%5/B.S .kW.-Trace? 
} Plant 1,750 | 1,176 1,342 217,800 | 19,460 | 11.18 71.8 | Delivered by tank truck 3.60 | No 385 
| - 
ree | rfelulc 2004 ise | 4 fas far 257 170 | 1923 317 32,260 | 3,715 8.68 | 75.9 
2lalulc 300 202 | 6 | 14 17 257 250 | 1923 316 52,840 5,492 9.62 | 62.8 329-369 A.Pols 
3)2|M\P 840 564 6 16 20 257 700 1929 2,242 743,700 73,163 . 
alalal- 365 245 | 4 | 16.25 |21 225 330 | lole 847 156,090 | 14,719 
| Plant 1,705 | 1,145 | 1,450 984,890 | 97,089 
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TABLE IZ - SXEORUATION COVERING FUEL OIL (PAGE 5 T 
ale i a 
= ” 
Ae ark : E oA Be 
I} > 2 i Ely rsa Ba 
al BB S Sale z g SP ee Is of -| § | 38 Ba 
. oe s-| 3 a 
a| |S | as ‘ @ | ge e 3 & g| 3 a Bae) & | Sy a2 
él |alé 2 | 8 2 | &| gs ia 3 * | 38] 3a 3a Seta. | Be Be 
3 
SRR e ctRR led Re Genes h Gh FeAl : P 2 | Bel cb a SHE] afl By Be 
SIR GENE Sed Glle ia Sle dale aa ea ce B 5 Bia) eel ag Boe] )Be| of] ed 
rat Falk a fy ce f q BE B 6 id ree fd Sel a 3) e| Sel 
algo : 3S 1 < 2 2 5 a =o 1] =) on Sz] 6 as &s| £5 
z Ale a & o oo I A S i} q Mal} oo ° ar 8 3h | ae 
s [ease] a | sé Blel é ge; < | gel Bs! Be g S12) ge] 2s ge 
a |eigzis Ba & a a 2 i) S ales RE) pe 
a lelqas] 2 | 28 a a] & a6 5 E zs | Bs Bg #2 Bein | 28) Es Ga 
| 
— = 4 — — — 
735 | 1/2\M 840 564 6] 16 20 1928 | 3,342] 1,368,600 34°-36° A.P.I. 
2laly 840 564 | 6 | 16 20 1928 | 5,885| 2,254,800 Z 5 
Plant 1,680 | 1,128 3,623,400 373,513 69.7 | 
3.64] Bo 200; Ww IN 
is | 1/2|™ 450 302 | 5 | 15.25 |16 1922 386 | - Sa5855 
2l4la 600 403 | 6 | 17 25 1926 | 4,569 
alata |. 600 403 | 6 | 17 25 1928 | 4,789] - 3 = | 
Plant 1,650 | 1,108 2,422,980 234,664 62.4 3.74 | -- ---| - |- | 
ss | 1{4[a|- 285 191 | 3} 16.5 |24 200 240 | 1920 | 5,148 564,640 54,150 320-369 A.P.I; S- 0.35% | 
2} 4|a |e 285 zoel | 3 | 16.5 |24 200 240 | 1920 | 3,313 322,484 38,700 Free Carbon-Trace | 
3/4 |a |- 300 202 | 3 | 16.5 |24 200 --- | 1925 | 2,370 348,800 31}470 Ash - 0,01% 
4lola Pp 750 504 | 6 | 14.75 | 21 257 650 | 1932 | 4,412| 1,295,800 132,829 | 
Plant 1,620 | 1,088 aud 2,520,724 257,149 58.6 2.31 | No esis WC sl 
| | 
8 | 1]4lal- 400 269 | 4 | 16.5 | 24 200 1921 | 4,864 557,850 | 28°-30° g.P.r, 
2}4|a|- 660 376 | s | 22.5 |22.5| 225 1922 186 34,880 
sl4la|- 600 403 | 6 | 17 5 200 1926 | 4,050| 1,060,250 =n 
Plent 1,560 | 1,048 1;652, 980 174,067 55.0 
3.04] no] 1,160] BF |B 
1164 | 1j4|a 750 504 | 6 | 17.5 |24.5| 225 560 | 1931 | 4,464| 1,042,900 105 ,145 26° A.P.r. 
) | alata 750 504 | 6 | 17.5 [24.5 | 225 560 | 1931 | 4,403] 1,030,600 107,298 | 
Pant 1,500 | 1,008 1,120 21073,500 212)443 46.5 5.84 | No| 1,450|/N |B 
sz | 1|4/a|- 375 2s2 | 3 | 17.5 |24.5| 225 319 | 1929 | 5,031 753,800 70,640 34° A.P.Ip SeU+ 350" @ 100°F; 
2|4fa|~ 500 336 | 4 | 17.5 |24.5| 225 432 | 1929 | 2,855 690,300 58,589 $. by Volume less than 0.5% 
3l4la |= 625 420 | 5 | 17.5 |24.5|] 225 538 | 1929 | 1,005 2947800 25,512 C.C.-Trace; Ash less than 0.5% 
Plent 1,500 | 1,008 1,289 1,738,900 154}741 65.7 | B.S. & We less than 1.0% 3,86 | wo| 1,100/N |B 
269 | 1/4Ja|- 250 isa | 4 287 210 | 1920 | 5,156 52,374 28.2° A.P.I, 
2}4ala|~ 250 les | 4 287 210 | 1920 | 5,086 51,767 3.0. - 75" @ 100° 
3} 4a |= 365 245 | 4 225 300 | 1915 | 3;668 49) 433 
alata |= 600 403 | 6 225 512 | 1927 | 2,901 75,386 
Plent 1,465 984 1,232 228,960 TLel 4.17 | wo} 1,670/ P |B 
496 | 1/4]a]- 400 269 | 4] 16.5 |24.5| 200 340 | 1029 | 2,514 354,475 32,058 | 32%-36° A.P.I. 
2\4lal- 300 201 | 3] 16.5 |24.5| 200 250 | 1925 | 5,588 464,975 47,720 9674 | 41.4 S - Less than 0.5% 
3lala |= 750 504 17.5 |24.5| 226 650 | 1928 | 1,696 387,575 38,252 
Plant 1,45¢ 974 1,240 1,207,025 118,020 45.5 4.02 | No} 2,200) - |N 
| 
70 | 1\2\u\P 560 376 | 4 | 16 20 287 470 | 1928 | 4,357 894,185 | 
2|2\ulP 560 376 | 4| 16 20 257 470 | 1928 | 4)457 891,270 32°-36° A.P.I, 
3] 2|M\c goot| 202 | 6 | 14 17 257 250 | 1925 801 103,345 = = 
Plent 1,420 954 1,190 1,888,800 205,145 54.3 3.05 | no] 1,330} y |W 
J 31° A-P.I; S.U. 69" @ 100°F;S-0.56) 
os | 1/2/u|P 1,400 941 | 8 | 16 20 300 | 1,392 | 19324] 2,791] 2,195,580 190,523 | 11.52 83.6 | 85.6] J82, AsPaZy SiUy 68) @ B 1 9 
BiSs & We-Trace 3.63 | No} 1,100} |w 
163 | 1/4)«]- 400 269 | 4 | 17.75 [22 228 1o24 BO 8,300 349 A-P.1j S.U+-46" @ 100°F;3-0,52% 
21 4)m |= 400 269 | 4 | 17.75 |22 225 1927 | 696 92,290 Ash-0,0019%; B.S. & We-Trace 
3laln|- 600 403 | 6 | 17.75 |22 225 1929 193 415000 By Pipe Line from Refinery 
Plent 1,400 941 141}590 50.4 0.97 | No} 1,020] Nn |w 
is4 | 1/4]a|- 600 403 | 6 | 17 24 200 1927 
2}4}al- 400 269 | 4] 17 24 200 1926 
alala 400 269 | 4| 17 24 200 1925 
Plant 1,400°| 941 81.9 3.47 | en yell > |is 
sss | 1/4/a)- 300 202 | 3 | 17 24 200 250 | 1925 874 46,520 18.9° A.P.I; C.C.-0.18 
2i4lal~ 400 269 | 4 | 17 24 200 375 | 1925 | 1,929 281,300 BS. & W - 0.1% 
3lalal~ 675 453 | 6 | 17 24 225 575 | 1931 | 8,522) 1,908,280 = - - Delivered in O41 Tanker 
Plent 1,376 924 1,200 we 25236,100 226,824 9.86 49.8 4.02 | He lo} w | 
$17 af ul 750 soa | 6 | 17 25 225 625 | 1932" | 4,487 578,330 62,816 9.21 | 25.6 28°-50° A.P.I; S.U+-70" @ 100°P 
2l4lal- 625 420 | 5 | 17.5 |26 225 625 | 1930 | 4,273 551,590 63,165 8.74 | 30.8 $-0.523 C.C.-0.5% 
Plent 1,375 924 1,250 1,129,920 126,981 8.97 27.9 3.74.| No] 2,100|/ x |B 
oie | aj4ja 365 245 16.25 |21 225 312 | 1922 | 8,170] 1,085,430 
2}4lal- 200 134 | 6] 14 287 150 | 1924 | 25020 2013100 
slelalP 800 538 | 6 | 14.75 |18 277 650 | 1926 906 2975100 
Plmt 1,365 917 1,112 1,583,630 6764 5.08 | No} 5,600) N |W 
ase | 1/2/ a/c 120 el | 2| 14 17 257 85 | 1927 308 | 
2} 2lu\c 200f| 134 | 4] 14 17 287 170 | 1925 | 2,489 
3] 2|u\c 360 2a2 | 6 | 14 17 257 300 | 1929. | 3,457 
4} 4lal- 625 420 | 5 | 17.5 |26 225 535 | 1931 | 2,919] = ae 
Plent 1,305 877 1,090 951,088 39.5 4.74 | No| 2,970] N |W 
1s | 1}4}al- 275 185 15.5 |19.5| 257 219 | 1923 | 6,762 778,500 320-369 APIs S.U+-41" @ 90°P 
2} 4lal- 200 134 | 3 | 13.5 |19.5| 267 156 | 1923 | 2,994 242,100 S-Less than 1%; C.C.-less 
alalal- 750 504, | 4 | 23 29.5 | 164 625 | 1925 | 1,378 325,400 is ; than 0.05%; Ash-Trace; 
| Plant 1,225 823, 1,000 1,546,000 136,095 9.89 57.4| B.S. & We - Trace 5.13 | No 75|N IN 
oss | 1/2|u|P 1,200 sos | 8 | 16 20 257 | 1,042 | 1931 | 3,844] 2,182,827 168,274 | 12.97 |70.5 | 70.5| 27-309 A.P.Ts S-0+5%; BsSi & W- 1% | 3.58 | No] 1,100; N | F 
af4lal- 600 403 | 6 | 17 26 200 500 | 1926 | 7,100 320-369 A.P.I. 
2) 4)al~ 400 269 | 4 | 17 25 200 337 | 1925 | 4,528 S - 0.5% 
3l2lm|c 200 134 | 4] 14 17 287 17o | 1924 | 3,281 ee eee 
Plent 1,200 806 1,007 315,022 | 10.67 T4ed 3.62 | No o-+] = |e 
a2 MIP €00 403 4] 16 20 257 512 1931 - -- 30°-32° A.P.I; S-Lese than 0.5% 
2le|u|P 600 403 16 20 257 512 | 1931 eeceass | -=--= Cold Test 40°-50° 
Plant 1,200 806 1,024 165,474 | 10.23 46.9 3.43 | Xo ---| |F 
yalal- 1,200 806 | 6 | 20 24 300 938 | 1920 680,400 63,420 | 10.78 |77.2 | 7742 5.50 | No| 3,250] © 
rjajal- 600 403 | 6 | 17 25 200 --- | 1926 | 4,360] - - ---- 
2lalal= 600 403 | 6 | 17 25 200 --- | 1926 | 4,670] - ---- - 
Plant 1,200 806 2,121,600 58.3 3.71 | =- ows] = |e 
1j4al- 600 aos | 6 | 17 25 200 1927 537 289-30° A-P.I. 
a2 alc 240 161 | 4 | 14 17 257 1925 392 
slalulc 360 242 | 6 | 14 7 257 1925 481 
Plent 1,200 806 388,590 1 98.2 3.69 | No| 1,100) H |W 
a2 Alp 450 302 | 3 | 16.76 |22 225 1926 836,700 8.68 | ---- 24°_26° A.P.I. 
2} 2|a|P 750 504 | 4 | 16.75 |22 240 1928 279,500 4 8212 | ---- Bs 
Plant 1,200 806 1,116} 200 150}780 8.53, jo: 4. No Pip ae) 
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g 8 I 
2 q| 2 . § : 
B 2 g 2 a] g 
S Be 8 alae a 3 Sales = aq 2 
- a is} o col a cs} {a 
= fi g ' ga in : 3 oe <4 6 33 * sq 2 
El lad Ao] gl E | 32 * 3 z aq 3. Bo RBeIP ay |e & 
§ a=] 5 ’ 2 Es any +4 i = 3 <5 of 8 ° Pale E 
g liga’ * | HE] sl el See ale a | €.| Ba ck 8 eg |G) ade & 
. iy st a & z Be = ead Sy = 
i) a a) c] Ho & ie} d 2 5 2 "a 3 a Be & & 8 2 
eeigee) 2 | BE | Sita cle | eeimeleeal Bo} a8) mg aa =a ge | 8) Els & 
zz o~ 
Hegel] a@ | ee] § 8) Fla | ale | fe] 2 © | oB| ag ge go | a] <4 98 y 
elo =< =) A rl Dw E ‘ P & oz] o 
= /Blalas] 3 ge) el 8| &| 3 8) @ | gs & 5 ma EL Ie EB fa | =| Sa Bel & 
°o fe 28 <0 cs aq as] = 
e7e | 1}2\u 560 20 i 257 470 | 1929 | 4,835 | 1,262,900 29.19 g.P.1; $-0.44: | 
al elulc 2004 17 257 i7o | 1919 3 67630 NOTES 
3l4la]- 400 25 200 337 | 1924 | 4,362 970,500 - - 
Plant 1,160 977 2,239,030 230,134 9.40 74.6 2u72 No 2,163] W x 
193 | 1/4/a|- 675 26 225 625 | 1931 | 5,893 844,090 84,552 9.98|47.9 28°-30° \.P.I. 
elalal. 480 17 360 415] 19324 4,431 609 , 900 65,689 9.28|42.7 
Plent 1,155 1,040 1,453,990 150,241 9.67 45.5 3.73 | No p25] - |. 
616 | 1) 4J/al- 300 202 | s | 16.5] 23 200 250] 1923] 4,588 652,010 53,792 12.12|70.4 200.220 A.P.I; S-Less than 
2|2|m\c 1oot 67 2 )14 17 257 75 | 1920 161 9,700 1,200 8,08/90.0 0.5% 
4lal- 750 504 4 | 23 32 150 657] 1925] 4,156 1,049,600 94,712 11.08/50. 
Plent 1,150 113 982 1,711,310 149,704 11.43 56.5 4-51 | No 20] ¥ | F 
887 | 1/2/uIc 1sot tol | s |e 17 257 “126 | -1922 24 
2) 2/a/P 440 295 4 15 20 225 375 1930 8,493 
3 4lMi~ 550 369 5 17 24 225 438 1928 248 - -- 
Plant 1,140 165 938 1,195,560 45.9 4.16] wo} 4,082] m | K 
95 | 1) 2|uIP 560 376 | 4 | 16 20 287 469 | 1929 370 113,300 22° A.P.Ie 
2| 2iMiP 560 3576 4 16 20 257 469 1929 836 268,300 
Plant 1,120 752 938 381,600 84,2 2.38 No 746) N Xx 
96 1) 4) M)- 600 403 6 17 24 225 600 1925 849 183,300 26° A.P ele 
2) 4) Nie 300 202 3 17 24 225 250 1925 7,476 573,500 
al elulc 2004 usa | 4 | 14 7 257 170 | 1921 584 35,600 
Plant 1,100 739 920 792,400 41.2 2.82| wo 6o5| wy | 
143 | 1/2] uIc 360 242 | 6 | 14 17 257 300 | 1928 421,467 520-360 A.P.T. 
2] 2] ulc 360 242 | 6 | 14 17 257 300 | 1928 420,890 
slalulc 360 202 | 6 | 14 17 257 300 | 1928 422,044 eaanees = 
Plant 1,080 7126 900 1,264,401 130,240 9.70 paes 3.31 | No aaa eae 
7a | 1) 4|ul- 400 269 | « | 17 24 228 375 | 1928 | 3,936 322,900 47,900 6.74|30.5 28,6° a.P.1; S.U.-40" € 100° 
el alu} 660 443 | 6 | 17 24 240 625 | 1930 | 5,385 | 1,205,597 134,677 8.95/50.5 $=2.52%; ash-0,005%) 
Plant 1,060 712 1,000 1,628,497 182,577 8.37 44.4] BeS. & We = Trace 5.15] wo i7z| x | 
519 } 11] 2|ulc 200 isa | 4 [as 17 287 170 | 1925 329-369 ALPeTe 
2| 2|ulc soot 202 | 6 | 14 7 257 250 | 1922 
slalulp 560 376 | «4 | 16 20 257 470 | 1929 --- = - e 
Plant 1,060 712 890 1,657,470° | 131,821 12.57 5.42] No soo] w | m 
14s | aalulc 210 wai} 5 | 14 7 300 167 | 1931 | 4,932 370,800 32,240 11.49 [53.5 289-329 A.P.I; 8.U+=-45" @ 70°F 
2| 2] alc 420 2e2 | 6 | 14 17 300 353 | 1931 | 3,240 607,000 48,800 12.43 |66.4 S-Less than 1f; B.S. & W. = lese 
2lulc 420 2e2 | 6 {14 17 300 353 | 1931 | 3,276 607,200 48,922 12.41/65.8 than 0.25% 
Plant 1,050 705 873 1,585,000 129,962 12.20 62.6 4.87] wo 672) N |B 
250 | al2\ulo 210 wai | s |14 17 300 170 | 1931 | 6,177 477,792 42,510 11.23 /55.0 
2] 2) Mic 360 242 6 14 17 257 300 1926 1,767 176, *940 23,250 7261/41.4 32-34° AoP.Ie 
slelulc 480 se2 | 4 | 16 20 257 400 | 1928 988 145; 100 16,550 8.77 |45.6 
Plant 1,050 705 870 799,832 82/310 9.72 49.5 6.08| No | 3,467; mu | ¥ 
208 | 2|ulP 525 sez | 5 | 14 Ww 300 447 | 1951 | 5,898 814,800 78,020 10.44 |59.4 B2-56° AeP.Ie3 
2 2} ulP 525 352 | 5 | 14 17 300 447 | 1931 | 4,064 747,800 87,528 8.55 |52.2 ; 
Plant 1,050 704 894 1,562,600 165,548 9444 55.7 3.37] No --=)x | m 
801 | 1) 2/alP 1,000 671 | 4 | 20.75] 26 180 957 | 1927 | 8,451 | 4,837,200 474,170 10.20|85.2 |85.2 | 24-26° 4.P.1;5.U.-500" @ 100°F;5-1.0% 3.20] Yes; 591) N | W 
738 | 2) 4/a]- 1,000 671 22 $2 150 900 | 19188) 640 353,500 1,239 11.68 /82.3 |82.5 | 22°-26° A i = 1.87| No 300} N | oN 
° -67" 
1061 | 1) e/a} P 980 ess | 7 | 26 20 257 975 | 1980 | 4,955 | 3,081,100 269,828 a.4zloa.s [odes |1 825 ist the re ielee Nate 3.25| No] 1200) X | # 
sso.sixi 6. Sem & WW. = Trace 
868 | 1) 4/a]- 300 202 | s |i7 24 200 280 | 1925 | 6,601 995,700 91,657 10.86 |74.6 249-26° A.PeI} S.U+-275" @ 100°P 
2lalal~ 675 455 | 6 |17 24 228 628 | 1927 | 5,280 | 2,033,800 171,257 11.88 (85.5 8=0.62%; CeCe = 4.7% 
Plant 975 655 875 3,029, 500 262,914 11.52 81.6 4.01 | No osz]L | B 
12|ulP #00 eos | 6 |16 20 257 774 | 1932 755 380,160 30,680 12,38/83.5 |83.3 |{26°-30° a.P.13-3.-0.5 to 0.75%; 
B.S. & We less than 1% 
1) a}ujc 200 134 4 | 12.5 | 13.28 327 169 | 1924 | 4,927 349-369 A.P.Iy S-0.07%3C.C+-0-48° 
2|2lulc 200 isa | 4 [12.5 | 13.28 327 169 | 1924] 4,819 | - ~= Ash-0. 4g BeSs & We 004% 
3] lal - 500 336 | 5 | 17 24 200 438 | 1929 | 1,614 | --------- onre--- =--- Partly in Tank Trucks 
Plant 900 604 776 731,930 119,448 38.2 
27° A.P.Iy SoPo-5.6* S=-0, ey 
1 2lalP 900 60s | 6 |-14.75] 22 257 750 | 1928 319 90,700 9,996 47.0 {fiecteacs Bissanseo.en; be tre 185 
12] ulc 360 242 | 6 | 14 17 257 300 | 1926 | 4,045 589,300 249-269 A.P.Ie 
2}2lulc 360 242 | 6 114 17 257 300 | 1929 | 4,006 572,800 
stelulc 180 nai | 5 [14 a7 257 140 | 1926 | 5,386 435,400 
Plant 900 605 740 1,597,500 61.5 
1} 2|u]c 200% 134 | 4 [24 17 287 170 | 1923 | 1,959 187,160 25.5° RP oTe 
2|2|M/c 3001 201 6 |14 17 257 250 | 1923 | 2,544 362)290 $.U.-50" @ 100°P 
alalale 400 269 | 4 | 16,25] 23 226 338 | 1926 |-8,221 | 1,508,530 
Plant 900 604 158 27057,980 69.0 
1} 4} a] - 550 seo | 5 |17 24 240 470 8,645 | 1,041,080 32.6 | 289-309 A.P.Ie 
2} 4/ ul - 200° 134] 2 [17 24 200 170 1461 115040 58.4 
3! 4!M) = 100° 67 Dey, 24 200 90 ° ° ° 
Plent 850 570 730 2,052,120 32.8 
: 7° 00°P 53-0661 
1) 2] uP 840 564 | 6 [16 20 257 700 4,166 | 1,791,070 76 62 {pete pa act hie Dk 
1l2|ulP 840 864 | 6 | 16 20 287 700 1,365 588,300 765 | 26°-S0° A.Pele 
1}2]ulP 840 sea | 6 | 16 20 1,178 495,200 7445 | 28°-30° a.P.Ie 
1]2]ul P 840 564 | 6 |16 20 2,078 969,410 Ceri Pesos 
1}4]a)- 825 554 | 4 | 23 32 1,855 585,805 61,235 68.2 | 32° A.P.Ts S-0.5% 
1} 4] aj - 400 269 | 4 17 24 2,653 501,990 47,181 26°.28° A.P.Ie 
2i4'ul- 400 269 | 4 117 24 2,180 597,540 56,286 
Plant 800 538 1,099,530 103, 467 70.2 
rlalal- 800 537 | 8 [17 24 7,044 | 2,651,800 230,808 69.6 | 26°-28° a.P.I. 
1}2}ulc 2004 iss | 4 Jie 17 3,003 320,100 30°-36° A.Pele 
2|a}u}c 240 rer | « [14 17 6,914 840,300 
sl2tulc 300% 202 | 6 |14 17 2,617 385,500 
Plant 740 497 1,545, 900 76.8 
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8 zx 
. g ay 2 3 Pe & 1} 
e e ee Whee IRE 5 ad 8 
Be a alee ee : EE bo faa as) ~| 8 | SB 
os 5 = 3 fo aS < as ps g A By mo) 
4 ‘§ 2 ra ' g 323 * a <% | Sc m S E ‘ 
' a ° wy ’ og <u of ° tz i] 
z 2] Ble g|& RE ' j ae | os s Sel E| tal 38 3 
& Ee g a Se oa fs a 2 23 ab Bs. a™| o ray a] z 
« | 3 er oie iS) * Pi ie ia 5 g 4 on 3a I ap| & 2 
° re) = g - a rH ZS a ° 6 om C4 
rae Sa Malia! lar i pes a tA) ln ee g Beusch ise (Lee Be Sel Slee eiues es 
2 
is oO a ‘ s i=3 mao co} °o ea i} ou ao AG 
2 ae ae vn We g| a 2 : SAS eae g: 21 2| cel aa 24 
5 eel gie le (8 | Bla] ei § B | ge | g2| 88 5g Bx] EF) $8] 88 Bc 
A 86 Hs & 3 a Ba 5 ex) oo = =o] 2 fa] 2 Sq 
= = + | —>S 
1926 | 4,750 373,910 32.5 32-36° 4.P.I; S.U.-36" @ 100°F 
1926 | 4,250 343,410 33.4 $0.78; C.C--0.01%5 
717,320 33.0 | Ash-0.001%; B.S.kW. Trace 3.61] No] 1,200] x | w 
1929 } 5,317 ---- 32°-36° A.P.I. 
1929 | 5,043 a aS 
9.52 54.0 4.17 No 700 x BF 
1930°} 5,404 EMS 26° 4.P.I; S.Us 75" @ 100°P; 
x =o S-less than 0.5%; C.C.-from 
1990! 9,000 Trace to 0.5%; Ash-trace 
9.09 59.6 |] Bis. & We 0.5% 3.10] Mo 750| x |x 
1920 | 2,429 ---- 29° A.P.1; S.U.-38" @ 100°F;3-0.8¢ 
1929 | 2,572 ==ieee= ---- C.C.-0.04%; By Tank 
703,156 73,434 | 9.58 58.2 | Truck 5.53| No 50] x | N 
1925 | 2,122 418,240 40,401 |10.35 | 81.5 23° A.P.I; 3.0 .-52" © 100° F 
1925 | 1,998 392,760 39,151 | 10.03 | 8144 $-0.005%; C.C. 0.037% 
811,000 79,552 | 10.19 81.5 4.47| No e860] w | ¥ 
====i |) 25357 
1927 | 5,319 
1927 | 1,515 
48.5 3.63) -- ees EPS 
1) 2)™ 1914 40 32°-34° A.P.Ie 
2| 2} u 1926 | 2,892 
3} 2] u 1930 | 5,867 
Plant 39.7 3.42] wo] 1,777| = | w 
12] u 1e22 | 1,062 - 28°-30° A.P.I. = Warm weather ‘ 
2] 2|\u 1922 | 1,009 - 32°-36° A.P.I. - Cold weather 
3} 2M 1927 | 4,285 = 
aay 1931 | 4,591 i 
Plant 38 3.60] No 700| B |B 
4a 1929 | 4,899 | 1,409,410 | 128,355 | 10.09 | 71.4 | 71.4 3.77| -- cst We 
jaa 1928 | 2,576 725,880 61,878 [11.73 | 69.9 | 69-9 | 28° 30° a.P.I. 3.88] wo] 1,100| N |™» 
, 
laa 1928 | 1,969 619,170 57,140 10,84 78.0 78.0 28°-30° A.P.Ie 3.79| No 1,150/ ¥ |B 
1ldu 1931 | 7,503 - 32°-56° A.P.1; 3-0.6%5 
22u 1931 | 1,308 - BeSe & We 005% 
Plant 912,400 59.8 4.04| Ho s79| N |w 
°, +PoI3 - ° 
il =| 1928 | 4,289 578,100 66.7 aera iy | Basti acncmuceus 
M 1928 | 6,372 804,400 62.5 Bids & We -0028% 
Plant 1,382,500 64.3 4.65] No 643 | 7 |N 
° a 
Jadu 1gea | 1,321 414,600 EYEE |\|seixeed || carci | wets We RO ee ect 5.45] No | 9,200°] pr |B 
au 1927 | 3,753 309,300 24°-26° A.P.Ie 
2)2 1920P] 3,874 299,300 
slau 1923 | 6,003 281,940 
Plant 890,540 51.4 3.94] vo | 3,100] Nn |F 
1a 1920 4 33.1° A.P.I; 3-0.61% 
2)3M ---- 78 BeSe & We Trace 
3)4M 1925 | 5,702 
alda 19187] 5,159 
Plant 47.9 3.14] No 221] nu |w 
lau 1928 765 24°.26° APIs ( 
2)au 1928 915 
slau 1922?] 662 
Plant 139,210 18,807 | 7.40 44.2 2.31} no 565 | xX |P 
1| { M 1930 | 4,857 453,400 38-6 32°-36° A.P.Ie 
22M 1928 | 3,788 214,900 47.0 S-0.25% 
Plant 668,300 83,944 | 7.96 40.9 3.36 | No 723 |N |N 
2 ds 36°-40° AePole 
2)2 Mu 
slau = 
Plant 431,636 60,477 | 7.14 3501 6.17] No | 5,000 |B |X 
uae 52°-36° A.Pale 
2) 2M 
312 
Plant 4,50 No --- N x 
1 E 28°-30° A-Pele 
2) 2) u 
slau 
Plent 2.44 | No oon | iw 
alda 28°~30° A.P.Ie 
ae 3.72 | no | 2,100 | x 
34°-36° APIs 
and 
37°-40° A.PoIs 
4.71 | Wo | 1,106 |N 


306,955 
205,550 
602,505 


28°-34° A.P.I, 


15.75 | 17.5 32°-36° A.P.Is $-0.5% 
15 


$02,130 50,345 9.97 3.11 | No 867 |W 


368,100 38,114 | 9.66 
154,030 12/231 | 10.96 
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TABLE IV = INFORMATION COVERING PUEL OIL (PAGE 6) 


s w 
te 4 u a 
2] : 8 g ‘ 
s 0 a a esl = = 
= 2 2 2 a & o@ Bs 
Be] | g Blues een|) Sill cealeenige = sla] @ | sg4 
“Hl Bl a CUE Taree ets 3 Bein ae lee 58 ee |B) tua leae e 
oO a °o oe on On < oF is] 4 wn io) 
Pq tn a a Sia ' ‘ g ie ae OR igs S| 4 
“ El ale [8 Ba Beale ice g Bole 2 ee MERE T25 |e5l 
5 cdl NSS 2 z 2 sa Ba 5 a pa | 2 ial $@\4 a eg 
r go Es a = 2 Ba = i) g2| 8 Bc SZ /5 es 4 
: qa] S|) « ‘ es 5 ° Se 5 a 7 Be mo | a 30 | a wa 
oO fe no oe & ~ o °o al on i=) 8 ' is} 1 S eg B od Gs 
a Se| | 2 g a Fa a aa a = he | 6 BR ra ea =e | &a ge 
BeBe BB We le Bocas g E Bo ire 22 Be | a| a8) eae 
2 Hel 2] 3 a z 5 e 5A 5 Ei Re | 25 ee 2 
=—— caine li 
247| laine 240, qer | 4] 14 17 257 160 | 1928 | 2,900 29° A.Pele 
2) 2] m |c 100 67 | 2| 14 17 257 75 | 1920 | 5,850 
alu ic sot 34 1) 14 17 257 40 | 1915 | 1,200] - 
se] 
Plant 390 262 275 487,960 4.55 | no | 5,000] x 
1129 2| ulc eis 50 2| 10.5 | 14 257 712 3,597 52,500 34°-36° a.p.t.— Summer 
a wc sigss 50 2| 10.5 | 14 257 72 30 350 38°-40° a.p.t.- Winter 
alul- $te0° 54 | 2| 11.32] 18 ‘| 257 72 412 7,700 
al ule 150 101 | 3| 14 1” 257 125 4,792| 142,900 
Plant 380 255 341 203,450 4,09 | No] 4,000] w 
105 2| ulc isot yor] 3] 14 17 257 125 | 1922 | 4,467] 245,000 34°.36° a.p.t. 
alulc 120, 6. | 2] 14 17 257 75 | 1926 | 2,317) 57,920 
2) MIC 100 67 | 2] 14 17 257 75 | 1923 | 3,918] 107,300 
Plant 370 249 275 410,220 2.35 | No] 1,580] N 
1091 allo 180 121 | 3)|| 14 17 267 150 | 1930 38° A.Pete 
alulc 180 121 14 17 257 150 | 1929 
Plant 360 242 300 1.98] No] 5,000] w 
o 30.8° A.P.T;S.U. 44" @ 100°P 
161 2| ule 260 2a2 | 6| 14 17 257 300 | 1929 {asesstt “$28509°8H Pe tats 450! N 
152 2] a/c 260 242 | 6| 14 17 257 --- | 1925 6a27 | 6740) || 4740|| m-n--~-nnn. 3.90 | -- esa 
686 2 ule 50% 3a | 1] 24 17 257 1923 32°-36° A.P.T. 
alulc 120 81 | 2| 14 17 257 1926 = saat fall 
Plant 250 236 === 48 . ° 
187 al ule 2| 14 17 200 121 | 1931 32°.36° A.P.Te 
2|m|c 3] 14 17 300 170 | 1931 - - 
Plant 281 315,000 35,875 8.77 4.15 | No 695] W 
774) 1) 4/A|- 4] 11.75 | 15 277 135 | 1917 487| 41,040 3,600 | 11.40 26°~30° A.P.Te 
2 alal- 4} 11.75] 15 300 135 | 1920 480] 40,302 3,509 | 11.49 oe oan 
Plent 270 61,542 7,109 11.44 Py No . N 
657 | 1J2lutc 3 | 14 17 257 150 | 1929 | 5,571] 321,200 $-1.0% (approx.) 
al alu|c 3] 14 17 257 --- | 1927 | 3,242] 107,504 Steeene ae : 
Plent =-- 428,'704 58,127 7.38 8 No] 4,010] F 
1055 | 1) 4/u]- 4] 15 18.5 | 300 265 | 1932¢| 3,672] 233,385 26,367 8.86 28°-30° A.PsTe 4.50 | No| 1,053 
265 | 1l2lulc 1] 1 17 257 4s | 1927 | 2,555 38° A.P.Te 
| alelule 2| 14 17 257 s0 | 1927 | 3,710 * 
slalulo 2| 14 17 300 121 | 1931 | 25615] - = 
Plant 249 245,000 33,130 7.40 7.30 | No| 1,000] N 
27 | 1|2\|mIc ro | 3 15 300 1926 | 6,173] - 5 
a2 ule 4 | 12.5 | 13.26] 325 ozs | 27611] - - : 
Plant 210,470 5.650} == Ro 
282 al |= 4| 9.5 | 14 300 140 | 1927 | 4,458] 98,700 36°-40° AsP.Ie; S-1%5 Ash & CeCee 
2lalul- 4] 9.5 | 14 300 140 | 1927 825 | 74600 Trace; BeS+ & We Not over 1% 
Plant =-- 6 , 3 3.48 | No 875 | BF 
1 3) 14 17 257 1z5 | 1929 | 4,144] 112,800 S-1% (approx.) 
2 2)14 7 257 90 | 1929 | 4,640] 98,300 
P 215 211,100 2.82 | No| 4,509] w 
1 2|14 7 257 95 | 1930 | 4,066] 216,000 28°.30° A.P.Ie 
2 2|14 si] 287 95 | 1930 | 4,458] 219,300 
P 190 435,300 3.93 | No saat 
2|14 17 257 94 | 1926 | 4,380% - - 20°.31° a.p.te 
2|14 17 257 94 | 1930 | 4,380% - - 
188 160,600 +78 4.12 | No ee | a 
30-32° A.P.1} S.0.=45" @ 100°R 
6 | 10.75 | 13.75) 327 200 | 1928 | 1,834] 81,890 10,007 8.18 {$eaeee (OSE SOR Ser) 5.04 | No 20| 8B 
ACE 5 
6 | 9.5 |13.5 | 400 219 | 1928 405 | 28,800 3,900 7.38 Delivered in Tank Wagon 4.50 | No 190 | 
1 | 10 13 325 1918 13,100 
ri eae Be 300 1924 44,310 32-36° API. 
1|14 17 257 1920 46,200 
2 | 12.5 |13.25| 327 | 19227] -=- 41194820 eras e 
Ba ‘ 5 4. No | 1,325] B 
2 | 12.5 |13.25| 327 eo | 1922 21 951 272 
2|12 15 200 60 | 1914 30 864 200 
120 1,815 472 3.00 | no 850 | Nn 
2|14 17 257 go | 1927 668 7,220 2,043 38°-20° 4.P.T. 5.37 | No 600 ] x 
WOTES; INJECTION SYSTEM LETTERED NOTES: 
A - Air @ - Started Fifth Day of Sth Month 
M = Mechanical b - No Deductions ade for Motor Driven Scavenging Blower 
= Installed Twenty-first Day of 9th Month 
SCAVENGING SYSTEM (2 STROKE CYCLE ONLY) Started Twonty-fifth Day of 12th Month 
Cc - Crank Case Compressor Horizontal Engine 
P = Attached Pump or Blower Revised from Previously Reported Figure by Operator 
B # Independently Driven Blower 


Date of Original Installetion; Started Here on First Day of Fourth Month 
Estimated 

Semi-Diesel 

Started Tenth Day of 6th Month 

Started Before Beginning of Period 

Started Twenty-Ninth day of Second Month 

Date of Original Installation; Started Here in 1924 

Sold Por 257 ReP.M. 

Supercharged to Give Sea Level Intake 

Date of Original Installation; Installed in This Plant in 1930 

Date of Original Installation; Installed in This Plant in 1928 

Second Unit Discarded Thirtieth Day of 1lth Month; Third Unit Started on That Date 
Started First Day of Five Month Period 

All Belt Driven Direct - Current Gonerators 

Dato of Original Installation; Date Installed Here Unimowm 


BEAT UTILIZATION 

Hot Utilized 

To Heat Building 

To Heat Fuel 011 

To Heat Lubricating 011 (Before Purification) 
To Heat Boiler Feed Water 

Thawing Ice Cans 


n 
B 
P 
L 
BP 
T 


NATURE OF FUEL 
AsP.I. = American Petroleum Institute 
3.0. = Seconds Saybolt Universel 
S»P. - Seconds Saybolt Furol 
Se - Sulphur 
CiCe = Carbon by Conradson Method 
B.3.&W.- Bottom Sediment and Water 
ASPR. = Asphaltic Reaidue 


<F ees VOD RP xUrTRyeno 


CeCe Par Hee Jat Jest Dat ea 
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TABLE V INFORMATION COVERING MAINTENANCE AND OPERATING LABOR (PAGE 1) 
= 
a 
yi A 
2 ie Qa a 
vy o a ra | ° a 
aha oar g ae! elzgie@ =| 6 
2 Pan r & z ) fan Sal 4 oO S\2.6| @ = 
wep = ag = Z)lo : 2 |25|a2q) & 5 
pees) ae os 8 oO Zi rat ASR ae ‘| a fa | am ag Fa 
a g a} 8 Al ofl) Beal EUS lay ens al Bea (Beal (a i) al S 
iS} ra a n a 5 S-| ac] a} 8 Gig B'2| Za a Fein en et a| 2 1S 
8 a S fe on B| < Ss} se] — g gn] a te S |Sn}|Abu o ale 
= [=| oH = Ae rf <s tad On 12) oS zg Qhu!) Bao =< a oo z s3ee a n a 
> Eh & ca a wo 28 B i=} & a 4 ae as BOO 2 z= 2 oe | 5 ' 
« | 8 Berieae. ee lowe |e eRe iP ae Cee eb Bat. Bag | 285] We a Be alsa = |g] [2a 
8 ad oO 7 al ao ae of as n rR A As ag anol Gi a z n xq <= =a 
@ m ao & < =n7 <3 a o Ht - ge ' Ho po aSn se Aa 
3 fe Ze aa ful &a| S| & aa &O1] saa oA fa Blo fe ce) fev 4) ox 
a o . aa ry =o + . ~ ~| 6 On 1a < a aa log Da ae ° oO] Of) os 
a a & 6 eye es “8 i=} io) fe SB Ce st & a Aig aan a fic | A) a= 
fa oo sat a + Oe ul “aS ze = H o Om on i fe a fa za oc om | 
& a BI a ae i] Ro a 2 <= 3 gar ozo gaa 4 a fa fi] Gia] et 
2 vO 7 * ze| 2a fam aif ea] 24% 89 26 2a ma) a") 5 
a\¢ si sa| g@| fo) 28] 28] 88] 82/8) 2| 88) 88 eal Ban ce aq 8e|se5 2 | 8| SEEE 
ae SI = z= Bo om a no oe he ae <= ey 853 868 Baa Sue = aa Bag zx =| Aalon 
———— — —— —— ——— 2 : 
1 4lAl-15 68.9 WwW ° 
malin i Els TAS . 105-311 ° 0.42 - 
3) 4|A|-|6 65.2 Ww 0 = 
4) 4[a|- 2 68.7 Ww a 0 0-584! piston Heads s S 
S 76.7 W |No ° & Rings 5 
6 4]a|-|4 78.6 w | No 5205254 ° Ochs = 5 
7 2/A IP 16 101.4 W | Yes ° E 
8] 2/4 |B \6 83.0 w | Yes {c,s12-5,50 to) {1.60 = 366 2 
gl 2)m |B |6 76.2 W | Yes 920-652 9 0.38 -| -- | --- | 366 4 2 
Plant 83.3 B-E 366 3 |1,385 
Uj 4lal-|4 64.8 A |No 20-323 fe} 0.95 |f16 long studs; 2 wiper pins \id/ o 26 
2) 2) a |p |4 50.7 w | Yes 182-597 ° 1.04 [12 H. P. Comp, rings; 4 H.P.|lo| o 56 
3) 2]A |P 4 49.6 w | Yes 170-625 ° 1.06 |}Valves; 38 working piston 1} 13 57 
4] 2/A|P |6 60.1 w | Yes 381-1, 648 ° 1.76 (rings; 1 H.P. Air Tube Rank; }O| 0 213 
5) 2 Alp 6 60.1 Ww Yes 957-2,161 Oo 2.71 |\l-Gov. Spring; 1-Gov. Ball ° 262 313 8} 2 
6) 21a 8 69.4 w Yes 479-2 ,234 19) 1.81 |[Race; 15 Piston Cooling Tubes|c {o) 277 313 8} 2 
7| 2) |B |10 34.3 0 | yes 171-256 ° 0.13 |\2-crank Pin Bxs. U.H.jl Fuel ff2.| 20 | 0 313 8} 4 
Plant 60.3 B-E Needle;12 x Hd. Bearings; 364 8} 1 395 
1 cyl. Liner 
1) 4/al-|4 70.4 W | No® 120-606 fe) 0.88 1 Puel Pump X-centric Strap \/1 3 116 
Exhaust Valve Springs 
2}4lAl-le 80.1 Ww | No® 87-754 ° 0.67 |‘ Exhaust Valve Springs ) o | 127 | 315 sl 2 
3] 4|a|-|é 60:5 w | Noe 101-838 0 0:75 | S-Piston Rings k Exh; Valve |2| 56 | 152 | 515 | 6| 2 
4/4/A|-|6 77.5 W | Noe 49-590 ° 0.51 | Sprs. Exhaust Valve Springs |0 9 77 | 313 8} 3 
si4la]-|s 59.0 W | Yes 2 | ° ° O | | ------------- o------------- 0 ojo 312 8| 1 
Plant 78.1 A 52 1 445 
1) 4|mM]- |6 56.9 A | Yes (si 
2) 4|m|-|6 61.8 A | Yes I 
3) 4]M|-|6 54.1 A | Yes wneee--771 0.15 }| |Gaskets = 
4] 4|ml-|6 56.0 A | Yes - 366 8] 2 
sl4la]-|6 62.6 Oo | Yes - 366 8} 1 
Plent 58.4 D-E 366 8} 1 554 
1)2]a |P |S 65.1 W | Yes ° Piston Nings; io} oO --- 
2) 2)A |P |S 66.6 W | Yes aan] 278==<- te} 0.26 2-Crank Besrings; Oo; oO 366 8] 2 
3] 2)A\P |S 66.1 w | Yes ° o minor parts o| 0 308 8] 3 
41 2]A |p 5 69. w | Yes ° io} oO 366 8] 2 
Plent 66.4 B 366 8] 2 322 
1, 2jalP 8 64.5 O | Yes Cylinder liners -| -- 
2)2\a |P [5 65.0 w | Yes we eeeeee 4003---~--- 0.82 fi |x Gaskets -| = 366 a] 2 
Sl2tA IP |S 14.4 Ww | Yes yf SO) RCs 8} 1 
Plent 68.2 D 366 8] 1 656 
1)4]a]- |6 43.4 A | Noe ° lo} 0 12 
2) 4)A |- 6 47.6 A | No® 9 --<- lo} oO 73 
S/4la | [4 54.0 W | Noe 208-2,774 | |1,416-17$}2.57 | 2 cyl. headsS lio} 0 130 8] 2 
4|4]A |-|6 64.3 W | No® 15233 2 cyl. heads& lo} 0 245 8| 4 
si4la|-|6 64.2 W | No® 1 cyl. head & H.P. lo} a 310 8| 2 
Plant 62.1 B comp. cyl. liner 8) 1 222 
1/4]A |- |6 - A | No Exhaust Valves; H.P. - 
2I4]a |-|6 - A | No Comp. Valves; cyl. liners; - 
3/4)A |- |6 - A No Spray nozzles; - 
4/4]a|-|6 - A |No Piston Rings (many) = 
5/4]a |- 16 - A |No = 
6] 4]a |- |6 - A |No - 244 8] 5 
714la |- |6 - A |No - 244 8] 2 
Plent 95.1 B-E 244 Be] 2 865 
1]4]A4 |- |e 68.8 A | Yes l1-New piston & rings l-liner |4 
214|a |- |6 65.2 A | yes 6 
3]4]a |-|6 69.4 Oo | Yes -|3 366 8} 2 
4l4la|-|6 70.2 9 | Yes -- - |6 366 8} 1 
Plant 68.6 A 366 8} 2 462 
ilela Pe fs 82.0 o |yes cast Steed PastonBegdes = th} is | --- 
AAR P |e 82.5 0 | ¥es {2,s48- } ore saree wee ri 15 | --- | 366 1g 1 
Plant 82.3 a-ct 366 1q 1 598 
1}4]a|- |6 98.0 W [No alve Parts; 229 8| 3 
2/4\a|- |6 97.9 W [No 2,584-7,45 Minor parts 148 8] 2 
S14la j= 6 97.7 w |No 146 8|2 
Plant 97.8 A 63 8) 2 788 
1/4 |M |- |6 81.0 0 |No ings, Bearings, 
2/4 1M |= 16 TA QO |No eenee- -17,646------- 5.26 \f Bushings for worn 314 8/5 
3/4 (M |- [6 81.5 0 |No cylinders; Exhaust valves 314 6/5 
4/4 1M |- |6 83. 0 |No Fuel oil & water lines 314 813 
Plant 80.0 af 156 8/3 409 
1/4 |m |- A |No x 4 
2/4 ]A |- A |No 
lain AUK 818-0 ° 0.26 Piston Rings 366 8 
4! tn |- A |Yes ° 366 8 
Plant 45.4 B 366 e|e2 115 
12 pi PP je 53.1 o |yes 195-0 ° 0.23 Fins TRH Eke 8 pist in 0 | 100 
ck 1 sét scav. pump valves; 168 0 125 
2\2 |u IP le 37.0 Oo | Yes 150-0 ° 0.18 Reon eee 4 mp vat pap 
3\2 6 51.3 Oo | Yes 205-0 ° 0.29 zoyiinger head; 18 piston ° 120 
rings; 61 pump 
4\4 be|- 53.8 A |No 25-0 9 0.08 | 3 Crank bearings ° 50 
5 14 lu |- |2 43.6 A |No ° ° ° ° ° 10 | 366 1a2 
Plant 46.8 B-E 366 x i 222 
252 
252 8|s 
1|2 |B jo] 3,000 | 2,014 | 1931 | 1,700 | 61.4 | 51.8 | 42.8 | 42.8] O | Yes |D-0 | --------- - ---- | Experimental Bearings and +09 2,758 | 252 a}2 282 
fuel pump parts 32 B41 
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TABLE V-INFORMATION COVERING MAINTENANCE AND OPERATING LABOR ( PAGE 2 
[=] 
| 
' 
@ . = < a eS & 
i) tel Q 
il ee eee ine g Fe Blede ele] & 
So ce ma a ls} z Bes aa H So 225 a 5 
oe Se eet Aa LO Rent S 3 gaa S13| 8 2 Fo.j A] @ iE) 8 
5 | E) Sala a | ae ac[8| 818 HRs | Seal a8 3 8 |8q 620] 2 a| 8 
1 . pon b & ” ts 
a 1 ZO Fal ok es she 8 Ss SSE) & 2 
g 5 Em a Sa <A 2 =] = =< eS qe Ao] 4 6 
s [ab] 2) pele) Se) BR Mle] gle) Cae al ceel es ase s|fqese| 3/2 |E| 38 
- a "1 3 
A | = | 2) 2 | aa] 2] Se] #8] S818] EF) gq Bf, | BS.) che Ah sdéq seals |s [sh fe 
5 . a o iS) * * ~- ~ Ro tM 
g a 5/8 | Sg) 3] 3a] 25] s/s | 8/8 aig Sy | oes nee 8304 578| 8 | 6 |e Be 
& 
H i= oy ss * ze 28/& a & aH ° ges ade : ae 
o 5 Eo) cl iS) Zo|@ a ao eam 3 q SHS 5 = 
3/8 s | x8| 2 | dal 24| 28] 22] B8/2|8)88 883 Saa| Baa 383 Ba 2d Ee ey 
———— 
2} al ple 675 453| 1927 395 . 
109) Bel al blé 1325 55| 1929 730 0 
3 2| al P}s 1125 755| 1931 770 - 
Plant| 2925 | 1963 1250 
7 4) ul -/6 350" 235| 1925 225 l-HeaajWedges; Spray Valve Q 
4) Mj) -|6 3505 235} 1925 225 Tips and Rodes q °O 
3] 4} ul -| 6 3s0™| 235] 1925 200 l-cy2.)Sonanee Verve eee ° 
4| 4] M) -|6 750 504| 1927 400 Satie eta O 
Et ul -|6 930 624] 1930 620 Ghge Studs Et 
Phant| 2730 | 1833 907 
732| 1 4al-|4 250 16s} 1915 - 
2| 4 al -|4 250 168] 1916 - 
3} 4] al -|4 520 349] 1922 ia 
4} 4] a] -|4 750 504] 1923 - 
5| 4] a) -|4 750 504| 1925 - 
Plant] 2520 | 1693 
978] 1) 2In}Pl\6 840 564] 1931 - 
2| 2| M| ple 840 564] 1931 = 
3 2] xj P}6 840 564| 1932 --- - 
Plant 2520 | 1692 1800 
gos} 1 2] al Pls 1250 840| 1925 800 1-Piston Head;50 Piaton Rings 
ng 
2] 2] Al P| S 1250 840 1925 800 Top and Bottom Eccen, Straps 
Plant 2500 | 1680 1600 
93] relml Pls 700 470} 1928 
2| 2| M) P| 5 700 | -470| 1928 Sylinder Heads 
3} 2| wl P/ 4 560 376 | 1928 And Gaskets 8 
4l al al-|4 520 349] 1914° 8 
Plant 2480 | 1665 8 
uu} u4jal-ls 900 604 | 1928 600 Packing;Gaskete; 8 
2) 4 Al -|8 200 604 1928 600 Air Compressor 8 
SI 4b Al =| 6 675 453 1928 450 Valve Discs 8 
Plant 2675 | 1661 1370 8 
1149 if yj Pls 1200] 806| 1932 - 
2| 2l mj Pls 1200] 806} 1932 - 
Plent| 2400 | 1612 
60] 1/4/m)-/s 800} 537] 1924 
2| 4] uj -/8 g00| s37| 1924 
al alm} -|8 soo | 537] 1924 
Plant 2400 | 1611 
723 | 1/2|m\ cle 300P} 202] 1925 190 
2] 2] M) cl 6 300P} 202] 1925 190 
3) 2| ul P} 6 720| 484| 1927 470 
4| el uP} 7 1050 | 705 | 1932 700 
Plent| 2370 | 1593 1510 
Valve Seats, Heads & Stems; 
4.) 4A 13 R88 | 348 | 1888 $98 os Air Comp. Yalyes; Valves” 
4 1825 S00) 75.5 | 0.1 | 56.9) | W] No |  [f......--968-------- ry 5 aif arts for 
3] 4| a] -l6 1,150 | 772 | 1928 900 Rr Botties 
Plant| 2,370 | 1,591 1,200 
79} ralal-|s 225] 151] 1011 no 
2| 4| a) -|3 225] 151] 1912 110 - 
3] 4] a] -| 6 600 | 403 | 1929 425 Piston Rings 
4| 4] a] -|4 520] 349] 1923 350 Piston Kings 
sl 4l al -|6 600 | 403 | 1925 425 Piston Rings 
Plant| 2,170 | 1,457 1,000 
5} a2jmlPl6 720| 484 | 1926 o-- 
2] 2| Ml P| 6 720| 484 | 1927 --- 
3] 2l ml P/6 720| 484 | 1927 
Plant 2,160 |1,452 
6] ae2luicle 300P| 202 | 1926 - 
2} 4| a) -|6 600 | 403 | 1926 - 
3} 4] al -|6 600 | 403 | 1927 - 
4} 4] al-|6 600 | 403 | 1928 - 
Plant 2,100 |1,412 
68 | 1/2) Mi cl4 240 | 162 | 1925 120 - et ey 
2| 2] ul cle 360 | 242 | 1925 200) |||'seus. | 2oseup edz |) | il will won]! ||| wees pec, ar ar ee aay 1 
3) 2] Ml P}4 560 376 | 1928 350 hump Rm Nosele rants’ | 2 8 
alelul ple 900 | 604 | 1930 610 | 57.6 | S82] 66.2}  |ojyves| j- go jf | 4). nena anan= - ° 8 
Plant 2,060 |1,383 660 8 
83 | 1/4] a]-|/6 600 | 403 | 1929 420 | 73.8 0 iston Rings, ° 
2} 4] al -|4 400 | 269 | 1927 270 | 73.8 400-2,500 ° askets, Etc. Q 8 
tala) =| 1,000 | 671 | 1932 580 | 73.1 ° ° 8 
Plant! 2,000 }1,343 580 8 
215 a ex P 980 | 658 | 1930 B00? | 53.6 83-0 ° ° 8 
2la2l ul P 980 | 658 | 1930 BOOP | 53.6 ° 8 
y| Plant 1,960 |1,316 1,400! 6 
736 | ij2la 1,125 | 755 | 1924 1,779=303 ° ° 
2} 4] a\ 400 | 269 | 1922 445-76 ° ° 
3ialal 400 | 269 | 1922 445-76 0 0 12 
Plant 1,925 }1,293 12 
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7 
5 
3 
a a 
sc . a 
Ce har 2 2é a\acle gq =| & 
* xz = =a = 
2 te ee ens - fea. | e488 Z|2elz3g =| 3 
Bz rs aad a = g 5 543 eee 2 a | 45 a4 = 4 p Ms 
42 fal oo 8 38 Se Ble See tends Te 2 alajes] o| “|2/ 8 
z q n < a4 = Oo 1]ON8 12) a 
3 ae 2 ea a ag wo a) 2] 326 238 Bee 2.8 s|agsga &] 2] 8 | de 
aH = a a a E E Si 2 wa 2 ad 3S a 
Cee alot Rie Es #3 9 38 Bl & ge. (g23 [ze8 Bee MiERae 2) =) Sh as 
o . 2 e eat ‘2 = Ss g 5 fe Gl] te 
=] Ho inl =) *a ~ ac C4 mor Oe oa oe 4 & oO q >) & BE mt 
&. . ga 2 S: bet 2q Ze «| Sa rea | Par) Bam Baga 993 lfs Sle nes 
Sea hie ECW Th “a ERED a] Sf] fas [22 [eae gee gqafasd | g] 23] & 
iS = =" a Zo aw CE tate! SH: eas Q ags e 
£ 3 re 4 a ae) a a0 ea Bao a 
| 2 (52 | & ck (i aq 28 S| cee] Sea (Sha lege EEE aqeae83 2) 3] 35] 37 
B 7 mo 
e37 | 146 750 504| 1922 74.8 |---| 4727 w | No Cylinder; Cyl. Head; - 
2/4] l- 16 450 302} 1918 75.0 | =-- A | No Connecting Rod; - 
3a |al-|3 225 151] 1904 e-- | 75.0 | --- | J55.4' a | Xo 2,840-3,104|47,350-345 (7.27]l\Crenk Pin Boxes; - 
4|a{al-|s 225, 151) 1904 -- | 75.0 A | Yo 1- "Aa" Frame - 366 ale 
slalal-|s 225 151| 1906 o-- | 75.0 A | No xe (Seay! daa see ale 
Plant 1,875 |1,259 670 48.9 A 366 e}2 117 
1033 | 1]4 {a |- 500 yb ‘ ‘ Piston Rings 
ARNE z nel (A OA rg A | Ko 9 4-Exhaust Wanifolds;2-cy1 |o | o| —- 
00 310P | 76.0 | 70.1] 73.9 A | No ° 1.68} Hpads;1-¢71 Livergl-Pipton| 0 | 0| ---| 366 ajar 
344 [ale |4 500 305°] 76.0°| 69.0] 61.2 A | No =3,009= ° Stok RifgesARS Comp .LERey Oo] Te 314 8| st 
alala 350 200? | 70.7 | 60.2 | 40.1 A | No ° None o| o| ---| 324 8| 2 
Plant 1,850 9220 64,8 B 104 a} | --- 
ise] 1 f2 [a |p |p 1,760 |1,182} 1930 | 1,200 | 64.2 | 60.4 | 32.7] 32.7] 0 | Yes| D-E -560- ° 0.32] Piston Rings & Valves 2|o.5| 30] 366] yola 140 
212) 1}4 Ja |- |e 875 588| 1929 560 | 75.1 | 71.6| 71.4 a | No 39-1,350%,| | o Cate Parts Chl) yh esr SA 8| a 
2lala lee 575 5e0| 1929 530 | 78.1 | 67.7 | 72.2 A | No ° = rc 
Plant 1,750 {1,176 560 721.8 A Pte pS Bice fas 
722 |ile|u 200P | 134] 1925 iso | 29.4 | 28.5 | 75.9 A | No o| 0 ° 
2 [2 | Ic |e 30) 202| 1923 190 | 29.4 | 27.7 | 82.8 A | No o| 0 3 r 
3 |2|M Ip |e 840 564| 1929 560 |50.6 | 53.2 | 58.8 0 | Yes o| a 5| 366 1o}2 
allah | 365 245| 1916 240 | 73.8 | 72.3 | 75.2 A | No o | o}] 27| 366 lo | 2 
Flant 1,705 1,145 1,120 62.4 c 366 4} 56 
735 ( P |c sto | se4| 2028 560 | 63.5 | 53.2 | 72.6 0 | Yes 2,041-470 | 0 2.99 | Patho ardes eames far OVP] 0 | 0 |1se6 | 366 A iBY 
2 6 840 se64| 1928 560 |53.6 | 53.2 | 68 © | Yes 1,020-235 1.50 | Main bearings & Rings re- |0 | 0| 783| 366 10}2 
Plant 1,680 [1,128 1,120 69.7 B-E ee Eee crank 366 to}2 386 
5ear: and f ss 6ola-o 
on iiow = 
re jile lx 450 302] 1922 ons | 44.3 A = Ese 
2\alak |e 600 403 | 1926 --7 | 69.8 A = ez 
slala fle 600 403'| 1928 =.= | 69.8 A a 5 E5}}/= 
Plant 1650 | 1iog 1050 62.4 - ail 
os jilslab is 285 192 | 1920 73.3 57.4 A t) ol] o 
2\4 1a |-|3 265 191| 1920 3.3 50.9 A s ° olo 356 als 
3|alab [3 500 202 | 1925 17.1 72.8 0 | Yes poe ° 0-16 Minor Parts Only o|o 356 8|2 
4 lala |p |s 750 504 | 1932 64, 58.2 - | --- ° o| o} ---| 356 al2 
Plant 1620 | 1088 58.6 A 70 81 122 
a jilslatls 400 269 | 1921 220 |77.2 | c3.1 | 42.7 A | No Pour Spray Valve Stems o}|o 
2\6 lab ls 560 376 | 1922 iso | 73.4 | 20:3 | 50.0 0 | No And Seats; Also Minor o}o 366 ali 
3 6 600 403 | 1926 450 | 69.8 | 76.0 | 65.0 A |Yes Parts o}o 366 a}2 
PYaxt 1660 | 1048 600 55.0 B-E 366 8/2 ql 
el2 
usa Jikiable 750 504 | 1931 e-- [74.7 | --n= | 46.4 A |Yes Wenenke ants 0} 0} -- | (33 al2 
2\4|ab ls 750 504 | 1932 --- | 74.7 | ---- | 40.5 A |¥es . o} of -— {4st a2 
Plant 1s00 | loos 650 46.5 A 314 ale 101 
isa fifslalls 375 252 | 1929 250 |74.7 | 74.2 |59.5 A | Yes o| 0 
2|4la|-|4 500 336 | 1929 345 | 74.7 | 76.6 |72.0 A |Yes a} 0 366 | 10/2 
3iala-|s 625 420 | 1929 440 |74.7 | 78.2 |69.9 A |Yes o{| of ---| 366] + 10/2 > 
Plant 1500 | 1008 540 65.7 B-E 366 1o} 1 ‘0 
2eg |1lajal-|4 259 1se | 1920 74.1 a |Yes ° Afe Compr. Cooling Coile |o | 0 
214 |a |-|4 250 isa | 1920 74.1 A |Yes 296-0 ° 0.20 S|air Compr. Cooling Coils |o | 0 352 al2 
3|alal-l¢ 365 245 | 1915 73.8 A |You ° . (air Compr. Cooling Coils |0 | o| --- | 352 als 
4 lala |-|s 600 403 | 1927 73.8 A |Y¥es ° Fag tite eee Seon | eos | (e==r 1 sea) al 2 
Plent 1465 964 Tel A u 42 al 2 124 
496 |2|sfal-|4 400 269 | 1925 200 |75.4 | 78.6 Ree A |¥es 120-132 5 0.65 | Injection Valve Cage, Cran o | 0 | 1968 
2|alal-ls 300 201 | 1925 200 |75.4 | 74.3 [41.4 A |Yee ° ee eee Pe Be ae ae -- |o | o|1e8e | 365 lo} 2 
3lgla |-le 750 504 | 1928 500 |74.4 | 74.0 145.4 A |Y¥es 180-141 ° 0.43 |2-Power Main Bearing Shelly 0 | 0/2010 | 365 lo} 2 
Plant 1450 974 650 45.5 D 365 lo} 1 75 
70 |x f2\u lls 560 376 | 1928 360 |33.6 |51.3 [54.6 o |¥es ° Puel Injec Pump; Cyl. Head -—-- 
2 fe |n le |4 560 376 | 1928 ze0 (53.6 | 54.2 [53.2 oO |¥es 899-0 0 0.65 }|Fucl Injec. Pump; Cyl Head{2}b.5}} --- | 366 al2 
aton ngs 
zielule|s 300P | 202 | 1923 190 |29.4 | 27.7 |64.0 No ° Wone aa S66 afi s 
Plant 1420 954 560 54.3 366 8 |i 43 
198 |1e/=pP\s 1400 941 | 1932” 1000 |57.5 | 61.1 | 83.6 |83.8 O |Y¥es * 248 0.82 |2 =cyls Replaced at Ufr's |B 150 | 205 | 566 8 |er aay 
Expense 366 8 {1° 
res [1/4 ju 400 260 | 1924 270 |64.7 | 64.9 | 52.4 A |X Wedet Eigsgonnect Rod Boar = |---| ---| 314 8 |2 
2|a|ul-|4 400 269 | 1927 270 |a4.7 | 64.9 | 49.5 A |Bo 0.50 f|None Ses) eS eer 8 jer 
sialu tls 600 403 | 1929 400 |64.7 | 65.2 | 52.7 A [Ro None atlas. |) == [STM a jer 
Plant 1400 942 940 50.4 156 8 |e 
isa jilsla] ts 600 403 | 1927 72.7 a = sil 
2latal-] 4 400 269 | 1926 72.7 h |= = ols 
slats le] 4 400 269 | 1925 72.7 |--- A j= --- -|- 
Plant 1400 941 81,9 144 
aes Jaklal-ls 300 202 | 1925 --- |72.7 40.1 a |yYes 6 Piston Rings 
2lalabl4 400 269 |1925 w-- 172.7 54.2 A |Yes +13 $a Piston Rings 366 e|2 
slalatle 875 463 | 1932 z=, [72:7 49.4 A |Yee 366 a|2 
Plant 1373 924 820) 49.8 366 a] 2 | 223 
siz |2|4|¥|-l6 750 504 | 1932” 360 |77.6 |55.4 | 25.6 Yes pee ee 
2|alal-|s 625 420 | 1930 420 |73.2 |75.2 |30.3 Yes RUCE TE CeR Le nee ee 353 a|2 
Plant 1375 924 420 127.9 36 a}1 
lois }1|4}aj-|4 365 245 |1922 260 |73.8 |78.3 | 54.2 a {Yes Piston Rings el. 
Z\4lal-le 200 134 }|1924 120 |77.2 |6e.1 | 74.3 a |¥es Valves a} 
alelalele B00 538 | 1926 525 |61.9 [60.4 | 60.9 Oo |Yes Piston Rings a} 
Plent 1365 917 S744 s}1 
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ABLE__y INFORMATION COVERING MAINTENANCE AND OPERATING LABOR PAGE 4 
ze ENE 
i 
g 
, A 
. 
a # : = é a |B g 
oO eo by ' =) 2 iSala sg 2 
=| 2 & : 2 z 8 age aa ia eS eg 24 ral 5 
2 Ee | A z ° z Q 2 |Xslgz & a 
3 Be aa lio | eel ee |g ical eae ee a i Fel Fetal Sa || 
G4 oe a at 0 3s g 3 4 Gl> FA pta i=] SB. a ia) 5 
a ‘eg lpase. (hes ENetemhee ne) ee 8 “as | £8 2 2 |e. (88 Z 2 
al a) oo Bs fi Se Se ~ g Fe gabe See Ee 2 (°2lsag 8 4 Card 
& a) < ze a 3 x Sx a ye ae as moe zl F<) Ze 
%) * = isd 4 r] i=] fa fa i=} 2) a3 ipl a tol & oo AO w i=) 3 
a [Ah a 2h a eo or Ba 6a B| 8 r=} AS Ae = |S2laog a ° ES 
oe i’) = > ° gy i} 2 oS Bo a5} a Ss&lA6¢5 2) tc < 
: ai leg! ge | cg | 34 | 3 2 ge. as foc ase 51\46 ms 
q - ° od Bo B <4 | 43 a8 f 8] Bla ; 5. yet Be oer tea eps th i, nl pel oe 
S| a fs] . qa Ss a8 oe . eae tee) 8 Eaves fe 2 annioy Eee Bak S2|Shlzse ° oO} Sf) aS 
z o © rs] a Cys) 8 od ae ° © = \3e On One a. Be =o] al 2a ml & 
| ° 23 oo + Be O as as = H o = “qaqa eS a8 AzAlYH I GS Dk 
a| 4 a] g = | fo HO e é 2 <, cf Peis Eric BAS g B4\ze ea 
= Hw oe se ee *, Zz = iS] 4 ” no 64x Bay Bole ws = a4 z 
a] ggasi § Sa | @ | da |38| 3B] 68 182 | 8] els.) 883 | 8a | eRe 383 Zelesleeq £| =] 28] 54 
&) a} = MO 28 |on aa ee | ee & < 2 Zn jek ee = ca Wwe | Sa? 
a cae oo oo et ee — — 
ses] 1/2) m\cl2 120 81 | 1927 35.3) A} No -- | -- 
2] 2] mj cl 4 200P| 134 | 1925 29.4] A| No -793- 0.61 -- | -- 
3} 2| M] cl 6 360 242 | 1929 35.3] A} No = 366 ae 
alalal-[5 625 420 | 1931 =-- | 75.2 A| No =- | --4 366 6] 1 
Plant 1305 Q77 380 39.3 D 366 6] 101 
1s] af4fal-|4 275 1s5 | 1923 180 | 75.8] 73.8] 62.2 al No 407-0 ° 1.48 |{ Exnoust Valve Parts; o | 0 | 2eq 
2/4) Al=-|3 200 134 1923 140 | °73.5 76.8 60.3 A No 67-0 ° 0.33 Compressor Repairs ° oO | 16q 366 E17] fi et 
al4kal-|4 750 504 | 1925 425 | 73.8] 62.2| 46.8 No 217-0 0 0.29 o | 0 | 12d 366 8} 
Plant 1,225 823 425 57.4 A 366 afi 134 
“ ry I 
ios3 | 1}2]/uJrls| 1,200 | eo6 | 1931 | 1,000 | 57.5} 71.3] 70.5] 70.5 | 0] Yes| B-E 200-122 ) o.e7 | Minor Parts o To} oq (388 Sai 
725| 1alal-le 600 403 | 1926 69.6) --=+ Al No Air Compressor - -- 
2] 4|a|-14 400 269 | 1925 69.8) === a} No 80-15 680-15 0.66] ¥ Cylinder 804) 366 a |2 
slelM|cl4 200?| 134 | 1924 === | 29,4] ---= A} No - =-4 366 8 | 1 
Plant 1,200 806 640 74.4 B-E 366 8}1 284 
451 | 1/2] MJP]4 600 403 | 1931 420 | 57.5] 60.0 o| Yes -167- } ° | ; t Vo 0 | --4 366 6}1 
12 Mlpl4| 600 | 403 | 1931 | 420 | 57:5] 60.0 0.| Yes { 0 {o as} perata tates 103 |---| see] a | 1 
Plant, 1,200 ace | 1931 470 46.9 B-E 1.9 00p .Jehve Seateg Tor 7 366 6 [2 ise 
~I.P.Comp.Yalve Seats; I-1.P. 
is mae ompR L.P.Comp.Rincs; w--]) 366 | 8.5 | 1 
333 | 1]4]al-|6] 1,200 806 | 1929 - 70.1 77.2) 77.2 | 0] No| B 37-451 ° 0.41 oTeine at Gaskets; Tn} Pump ° {388 est les 104 
guction Yalve Springs y : 
-Inj.Pusp Disch. $e Spring 
17 6 600 403 | 1926 Al -- a ae eee | t = ie 
6 600 403 | 1926 A| -- - b-- |---| --- - |- 
1,200 806 58.3 -- 208 
16 6 600 403 | 1927 al Yes o | o} 48 
4 240 161 | 1925 Al Yes 0 | 0| 460 
6 360 242 | 1925 A| Yes 0 | 0| 240] 366 aa ie? 
Pe 1,200 806 | 98.2 B-E | ’ ; 366 A Vi [iso 
14 3 450 302 |.1926 wl] yes cyl. Head; Liners; lo «Jo [--4 s66 Be ya 
4 750 504 | 1928 Wl Yes 2.52 [| spiral Gears lo o |---| 366 FON hee 
1,200 806 ae TW 366 8] 120 
878 4 560 376 | 1929 400 | 53.6] 67.0 | 69.5 o| Yes 13- Piston Rings 10 [5.5] -- 
4 200P | 134 | 1919 120 | 29.4] 26.3 | 78.5 A| No 0.81 f} None o | a] --4 366] 10] 1 
4 400 269 | 1924 275 | 69.6] 71.4 | 82.3 A| No ll- Piston Rings 2 |i.s} --4 366] 10] 2 
1,160 779 790 74.6 D-E 366] lo] i 126 
“203 5 675 453 | 1931 450 | 74.6] 74.1 | 47.9 A| Yes 0-19 ° 6.03 | {piston Rings Furnished - b--| -- 8 | 2 
6 480 see | 1932x| 330 | 78.0] 79.9 | 42. A| Yes 31 ° 0-06 | Originally with encines ==] == 8 | 2 
1,155 775 450 45.5 D % ea 99 
e16 S 300 202 | 1923 200 | 77.2] 76.4 | 70.4 A} No ° pe ponaDenus anise Lean ie 0 |) oles 
2 100? 67 | 1920 | 50 | 29.4] 21.9 | 90.0 A| No 2800-290 ° 2.69 ayment on Cyl. Linors o | o| --4 see s | er 
4 750 504 | 1925 500 | 74.5| 74.0 | 50.2 W] Xo ° ied Upite-Bougnt in 1952. 0 | 0] --4 366 8 |i 
1,160. 773 500 56.5 B 366 Gy | pake --- 
887 3 1S0P 101 | 1922 A| No - |--4 -- 
4 440 295 | 1930 -| Yes - |--4 --4 366 i ie 
§ 550 369 | 1928 A| Yes = | --4 ---| 366 a }i 
1,140 765 D-E 266 ey 125 
95 4 580 376 | 1929 o| Yes Gaskets = |=. 
4 560 376 | 1929 0| Yes ae eee ee 
1,120 782 B 366 | 12 | 1 &3 
96 1) 4]Mj-/6 600 403 | 1925 A| Yes Fuel Nozzles - 2-4 ---| 
2] 4] MJ-13 300 202 | 1923 A| Yes And Gaskets - |--4---] see] 8 [2 
sbalulc|4 200P | 134 | 1921 A| Yes sos | 8 | 
Plant 1,100 739 B 306 | 8 | 83 
143] alafulcte 360 242 | 1928 a| Yes l- Bearing; () e 
2) 2|ulclé 360 242 | 1928 a| Xes 416-27 © | 40.41 {Piston Rings ° see | o Ja 
alalwlc|é 360 242 | 1928 3 A| Yes And Gaskets 0 de---| 366] 8 |i 
Plapt 1,080 726 325 ‘ a B seo | 8 | 137 
78 i if 4 400 269 | 1928 3002 | 64.6/72.0 30.5 A| Yes ) 456] 337} o [2 
alalm|-le 660 443 | 1930 500°| 66.7|75.3 50.5 Al Yes 7 | sas32] 337] & | 2 
Plant 1,060 712 4005 44.4 A 23} aaa 186 
sie | ye2lulcl4 200° | 134 | 1925 14s | 29.4/31.8 Al} No ---- | Boarings; 1-Piston;Piston Rings -| --| ---| 
2} 2lMicl6 300 202 | 1922 220 | 29.4|32.0 A} No ---- | Bearings;Cranksheft;Piston &  -| --| ---| 366 s |13 
Rings 
376 | 1929 350 | 53.6/49.9 one 0| No ereneeeef cee-= | ---- | Bearings; Scav. rump Valvos;| -| --| ---| 366 Cay lies 
Piston Rings 
712 400 —— A 366 a Ve is2 
1144 u4i_| 1931 55.3, A| No ° 
282 | 1932 66.4 A| No Minor Perts ° a |i 
262 | 1931 65.8 A| No oO 8 |i 
705 62.6 c 8 175 
259 142 | 1932 35.3 [33.8 55.0 A| No ° o] of o 
242 | 1926 35.3 [24.1 41.4 a| No 11-0 ° 01 $l} None o} of 0/366 8 |i 
322 | 1928 46.0 [30.0 45.6 0} No o] of ofs66 6 |i 
705 49.5 Cc 266 8 55 83 
203 352 | 1931 210 51.5 59.4 0} Yes ° ° 1-Piston; 1-Cylinder 1/120] (gj zee a |2 
352 1931 210 31.5 52.2 ie) Yes 0 ° O|j No Charge vy Manufacturer) fe) fe) 309 8 1 
704 420 55.7 D-E 269 EME Ie 124 
; Rings;Crank Bearing; 352 om Fi 
801 671 | 1927 7007 | 62.5 |65.1 85.2 | 85.2] W] Yes| A 1,371-0 ° 1.37 Role; Piston petines Piston of 0 {sasf3ez 8 i se 
728 7 9182 72. a e 2 2 Overhauled; l-Liner; 1-Piston 0] 0 1250/266 12 2 
671 | 1918 600 | 72.4 64.8 82.3 | 82.3] A] No | BeE | 3,285-376 0 S66 iS a mece eas hOnaee Rie ern See. lao 37 
Bearings; Some New Rings 
ras Cr. 
1081 6se j1930 | 700 | 83-6 7.0 | 94.5 | 94.5 | ° No | D = -1751-- 2.97| New Cams & Fuel Furrp a}29 |Bos]388 | 8 | % eel 
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e) ” a 
4 . a 
S a 
E 2 A) a ; 3 a ' 3k e 8 ry g, & 
1 melon inset isk ies. icey (el! eae 9) 888 glegieenle |e 
a Be me Rall Se || Seer ay ae Social eat ie a| BE gag * |2 7)» 
a |S ra | Bf eee | ee |e] 1 8) 3] | BHA | Bes 2 siesta ja) | 6 
BI i me e 33 moe xe fa SE So 2 Saat a8 as af oy 8| So| BA fs a g 
SIE ao PE |) ee Ser me Were Sah ale salah eis eal Zo8 Bl selsee F i218 | ag 
«| Bal 9A ce “S a a) a” ar 2 ee z aI * S32 Rae et e ieeol lens A 5 & 32 
g| Aa : : a at ao ee ra 3: a mie Son Pier] Bx Bari 4 23) as a 2g S) m 
Ql el. = Bo 2 <0 <5 2a 5 8] ae By go Ata So Slag =P = =< 
= > aa a 98 Bin 7) ;) fh] Ae a BS. Oud oA oy ER] oO ey fe we] fist 
5] alo) 3 aa 3 oO | sx “3 2 -|s Ox 4 < a.” a 3 GLZea 3 f& | as 
21 alo ese a ) ee yee | Se | Sees | al 8 | SE Sat Bae || Fe Bee Sean eas ye asi as 
Ale = @ | a> | ao a <|. age sez : fan | oe 
3| |g é jee | a |) 34] ae | eo) 28] 8] 2] ee! SEE | se | see BBs aeigua 8 18 | 8. | 8 
Bl ale paises Balad |ae \hex | ee | a) S| ee) See | ems less 482 Behl eaee~|2 | 28| 8 
| | 
1925 150 72.7] fy No Piston Rings 
1927 400] 72.7 Yeq --25494-~ 2.56] Piston Rings 
5 61.6 D-E 
83.5) 835.5 Yes B-E 0.42 None 
N ° 1.40 4 New Pistons & Rings 
Al No 5,69 1 New Piston & Rings 366 eB} 2 
al Re 0.41 | Fuel Pump Plungers and secl al 1 
Miscellaneous Shop } 
A 566 (]) 3 61 
o| Nol A 0,01 | Gaskets --- =|) See 
60.2 Al Ye 
59.2 A Ye 0.51 Bearings and Gaskets 366 8} 1 
66.8 A Yeq 566 8) 1 
61.5 D 366 8) 1 171 
Rebabbitt Lower Half All 
71.2 A Ko M.B's And Six Crank Bear= 
ings) All new Piston Rings 
70.7 Al No 8.32 All Cyls. Rebored; Piston {=| ---| <r 366 a{ 1 
Rings and Pins; Rebabbitt 
Lower Half All M.2!a and 
All Crank Bearings 
68.4 Al No Minor Parte =] cor] w--]| 566 8) 1 
69.0 t-k i <66 e] 2 225) 
32.6 A Yeq 10 New Piston Rings te} te) 64 
58.4 a Ho None ie) Q Oo} 366 8] 1 
0 aaa meces A No None ° ie) ie) 366 8) 1 
32.8 D 366 8} 1 114 
57.0 76.2 | 76.2 Oo Yes D linin Bearinvs 2 360 428 366 8] 2F 
3e6| 8] 17 
$2.3 76.5 | 76.5 (0) Yes! BeE 104-0 --78688 1.06 Crank: Shaft Bearings ea ° Le) 120 366 6) 1 262 
74.5 |74.5 | 0] Yeo 2-5 200-09 ° 0.34 | binor Parts 0 o| sse| 314] 6] 2 256 
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YEAR ENGINE STARTED TO WORK 


PEAK LOAD DURING REPORT 


GENERATING EFFICIENCY 
ED PERIOD - GROSS K.W. 


PLANT NUMBER 
BQUIVALENT K.¥. = 90% 


382 


626 | 
516 | 


169 
984 
318 


733 af 


Notes: 


Injection System 
A - ‘Air 
M+ Mechanical 


Scavenging System (For 2-Stroke Cycle Only) 
C - Crank Case Compression 
P = Attached Pump or Blower 
B - Independently Driven Blower 


Piston Cooling 
A- Air 
0 - O11 
W - Water 


B.M.EB.P. AT RATED B. H. Pe = 


90% GENERATING EFFICIENCY 


B.N.B.P. AT PEAK LOAD = 


EUNNING ENGINE CAPACITY 
PACTOR (SEE TEXT) 


Lettered Notes 


e- 
b- 
ce 
a- 
e- 


y- 
Z- 


Installed Fifth Day of Fifth Month 

Sixty Minute Peak 

Installed Twenty-first Day of Ninth Month 
Installed Twenty-fifth Day of Twelfth Month 
Air Filtered for Air Compressors 

Changed to B near End of Period 


Includes Five Cylinder Heads Broken by Sabotage in 1929 


Twenty-four Hour Peak 
A, in Summer; C in winter 


Replacement Dut To Experiment With Steel Heads; Manufacturer Made No Cherge For Replacement 


Horizontal 
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High Maintenance Time Due to Experimenting with Main Bearinge And Puel Pump 
Construction and Also Due fo FulFillment or Aoceptenge Conditions 

Rating Revised From Previous Report By Operator 

Excessive Maintenance Time Due .to Extensive Surveys Made Possible Because Units Were Not Beeded 

Date of Original Installation; Started In Thia Plant On Piret Day Of Fourth Month 

Semi Diesel ‘ 

Part Tine 

Inoludes Total Maintenance Labor 

Not Inoluding Several Shutdowns Due To Lightning Damage To Generators 

Inetalled Tenth Day Of Sixth Month 

Sterted Before Period Began 

Started Twenty-ninth Day of Second Month 

Thirty Minute Peak 

Date Of Original Installation; Installed In This Plant In 1924 


se- Operator Started Unit Without Water Oirculating Through 011 Cooler 


bb- 
co 


Cylinders Scored Due To Cooling er Failure. Four Weeks Required To Ship Parte 

Date Of Original Installation; Installed Here in.1930 

Date Of Original Installation; Installed Here In 1928 

Second Unit Discarded Thirtieth Day Of Eleventh Month; Third Unit Started On That Date 
Rot K.We 

Started First Day Of Pifth Month Period 

Estimated 

Supercharged to Produce Sea Level Conditions 

Date Of Original Instaliation; Date Installed Here Unknow 


At the present time gyroscopic instruments constitute 
an essential part of the equipment in any well-equipped 
airplane. The “turn indicator,” the “artificial horizon,” 
and the “directional gyro” are three widely used gyro- 
“scopic aircraft instruments which have reached a very 
satisfactory state of development. However, in order that 
‘proper results may be attained in practise, it is necessary 
that some reliable and sufficient source of suction be pro- 
wvided. It is the object of this paper to present a study of 
the various devices used in operating the gyroscopic in- 
' struments. 


Arr REQUIREMENTS FOR INSTRUMENTS 


S a preliminary to the problem of suction supply it is neces- 

sary to study the air-consumption requirements of the gyro 
rt instruments. Figs. 1, 2, and 3 indicate diagrammatically 
‘the gyro-wheel arrangements in the three instruments. In each 
case the wheel is supported on gimbals within a chamber which 
is closed except for an air entrance leading to a nozzle and a con- 
nection to the intake side of the source of suction. Air flowing 
through the nozzle into the evacuated chamber impinges on the 
wheel and produces the necessary driving torque. 

Fig. 4 shows the experimentally determined relation between 
the pressure difference provided and the rotor speed for the three 
instruments. In a similar manner Fig. 5 indicates the variation 
of air consumption with pressure difference. Table 1 is a sum- 
-mary of the conditions for normal operation. 


TABLE 1 NORMAL OPERATING CONDITIONS AT SEA LEVEL 


Pressure dif- Rotor 
ference, inches speed, Air con- 
Instrument of mercury rpm sumption, cfm 
Turn indicator. ..3.52 0... 2 to 2.5 10,000 0.5 
Artificial horizon......... 3.5 to 4 17,000 Le 
Directional gyro.......... 3.5 to 4 12,000 1.0 


Effect of Altitude. It is very interesting to note that for a 
constant pressure difference the curves indicate that the gyro 
wheel experiences an increase in speed with increasing altitude. 
A study of this phase of the problem has shown that the experi- 


1 Member of Staff, Massachusetts Institute of Technology. Mr. 
Draper attended Missouri University in 1917, received the degree of 
A.B. from Stanford University and the degrees of S.B. and S.M. from 
the Massachusetts Institute of Technology. He is a commissioned 
officer in the Army Air Corps Reserve and holds a pilot’s license from 
the Department of Commerce. Since 1928 he has been a member 
of the staff of the Massachusetts Institute of Technology engaged in 
internal-combustion-engine research and in charge of aircraft-instru- 
ment work at the Institute since 1930. 

2 Graduate Student, Massachusetts Institute of Technology. Mr. 
Spilhaus attended school in England and later the University of Cape 
Town, South Africa, where he received the degree of B.Sc. From 
the Massachusetts Institute of Technology he received the degree of 
S.M. in Aeronautical Engineering. Mr. Spilhaus’ work on aircraft 
- instruments was begun at M.I.T. and later continued for the Sperry 
Gyroscope Co. in Brooklyn, N. Y. 

Contributed by the Aeronautic Division and presented at the 
Metropolitan Section Meeting, New York, N. Y., November 23, 
1933, of THz AMERICAN SocirTy oF MECHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 

' understood as individual expressions of their authors, and not those 
of the Society. 
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Power Supplies for Suction-Driven Gyro- 
scopic Aircraft Instruments 


By C. S. DRAPER! ann A. F. SPILHAUS,? CAMBRIDGE, MASS. 


mental results check nicely with the predictions of theory.’ 
Physically this means that a considerable portion of the energy 
required to keep the gyro wheel in rotation is expended in the 
maintenance of eddies in the air around the wheel. The energy 
thus expended will decrease as the air density decreases. 


Fie. 1 Turn InpiIcaTor 


Y 
] 
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Fie. 3 Directionat Gyro 


3 “Air Suction Methods in Driving of Gyroscopic Instruments for 
Aircraft.’’ Thesis by A. F. Spilhaus, Mass. Inst. of Tech., 1933. 
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0 0.5 1.0 1.5 2.0 25 3.0 35 4.0 4.5 5.0 
Pressure Drop Through Instrument, Inches of Mercury 


Fie. 4 Rotor Srprep Vs. Pressure Drop 


2.0 


Flow of Air,c#m 
5 


0.5 


0 | el 3 4 5 
Pressure Drop Through Instrument, Inches of Mercury 


Fie. 5 Friow or Arr Vs. Pressurp Drop 


Effect of Temperature. The three instruments are required to 
pass an operation test at minus 35 F. At sea level, the lowering 
of the temperature increases the density of the air and slows the 
wheels down slightly. However, as altitude is increased and the 
temperature decreased there is a net loss of density and therefore 
a small gain in rotor speed. 

The only requirement that seems necessary, therefore, is to 
maintain a constant pressure difference for the instruments within 
+ 0.5 in. of mercury, because altitude and temperature changes 
do not have any marked detrimental effect. This conclusion 
applies to the air-driven wheel itself considered as free from the 
effects of bearing friction. 


Power Sources FOR OPERATING INSTRUMENTS 


The source of power for gyro instruments, in order to be satis- 
factory, must have certain characteristics: 


(1) It must be reliable and of reasonable efficiency 
(2) It must handle the required air volume per unit time 


ham. 
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at the proper pressure difference under all flying condi- | 
tions near sea level 
(3) It must fulfil condition (2) at the ceiling of the airplane. 


At present three types of suction supply are in common use for — 
gyro instruments: 


(1) Venturi with air introduced at the throat section 
(a) Single venturi for turn indicator 
(b) Double venturi for horizon and directional gyro 
(2) Displacement air pump 
(a) Propeller driven 
(b) Mechanically driven 
(3) Engine carburetor pressure drop. 


VENTURI 


In the past, specially constructed venturis have been in almost 
universal use for operating gyro instruments. These venturis 
have the advantage of being simple, reliable, and inexpensive. 
On the other hand, they have certain disadvantages: 


(1) The suction supplied varies widely with flight condi- 
tions 

(2) The efficiency of the venturi as a power supply is ex- — 
ceedingly low 

(3) Ice formation renders the venturi inoperative. 


As long as installations are confined to airplanes with cruising 
speeds of around 100 mph the advantages of a venturi installa- 
tion somewhat outweigh the disadvantages. 


oe 
tr 


Fic. 6 ARRANGEMENT OF APPARATUS FOR VENTURI TESTS 


However, for the modern high-speed airplane it becomes im- 
perative that the problem be reconsidered. This section is de- 
voted to a study of the performance of the venturi in this con- 
nection. 

Suction Produced by Venturi. The essentials of the system used 
in the experimental work are indicated in Fig. 6. 

In general, the pressure difference given by a venturi producing 
static suction, that is, with no flow through the line A, may be 
written.‘ 


Ap t= 7Ki(1/2 p02) tetenc stave eistateretenevens {1] 
where Ap pressure difference 


p = mass density 
v relative velocity of the venturi and the air stream 


ll 


ll 


4“The Theory of Pitot and Venturi Tubes,” by Earle Bucking- 
National Advisory Committee for Aeronautics, Technical 
Report No. 2. 


K = constant (except for second order effects)*® 


Variation of Suction With Flow. Experiments made by the 
| writers, with venturis drawing air through orifices of different 
- areas, have shown that for any particular orifice the suction is 
given by the relation: 


rioeen Kai /2pud)itiee ae Ietes6s Pk [2] 


Fig. 7 shows the variation of K, for a standard venturi as the 
effective orifice area is changed. The rapid decrease of Ky as 
_\the orifice area is increased shows that the venturi is unsatisfac- 
tory for operating a load with other than a very small orifice 
area. In practise this means that a separate venturi is required 
for the horizon and the directional gyro. The turn indicator 
could be connected in with the directional gyro to even up the 
~ amount of air drawn in by each venturi (See Table 1). 
Suction Affected by Airplane Speed. Equation [(2] shows that 
. the suction supplied by the venturi varies as the square of the 
_ relative air velocity v. This means that, if a venturi is to supply 
' sufficient pressure difference at low airplane speeds, it will pro- 
duce large suction values at high speeds. This may result in 
_ rapid deterioration of the gyroscopic instruments due to exces- 
sive rotor speeds. On the other hand, if the suction is adjusted 


25 


nm 
to} 


a 


S 


Venturi Suction 
Impact Pressure 


¢) 0.00005 0.0001 
Effective Orifice, Area insqft 


0.00015 


| 


Fie. 7 VARIATION oF VENTURI ConsTANT WITH ORIFICE ARBA 
FOR DouBLE VENTURI 
(From wind-tunnel tests at Mass. Inst. of Tech.) 


to a proper value at high airplane speeds, at low speeds the in- 
struments will not operate satisfactorily. 

Fig. 8 shows the measured suction on a standard installation 
_ with the venturis mounted on the fuselage, in the slipstream, of 
an airplane with a cruising speed of 160 mph. It is evident that 
within the cruising range the suction supplied to the gyroscopic 
instruments was far too great. In such an installation some 
form of vacuum regulator certainly should be included in the 
system. 

Suction Affected by Altitude. It is evident from Equation [2] 
_ that for the same air speed as indicated by a pitot-static meter, 
that is with 1/2v? constant, the pressure difference will be con- 
' stant except for a second order variation with Reynold’s 
number.‘ This means that if a venturi installation gives suf- 
- ficient suction at stalling speed near sea level, it will give the 
same value for stalling speed at any altitude. In general, the 
_ suction supplied at a given indicated air speed will be the same 
' for all altitudes. In other words, the venturi and instrument 
_ combination will operate satisfactorily at the higher altitudes 
providing the speed, as indicated by the air-speed meter, remains 


| 


: 5 “The Altitude Effect on Air Speed Indicators,” by M. D. Hersey, 
_ F. L. Hunt, and H. D. Eaton. National Advisory Committee for 
_ Aeronautics, Technical Report No. 110. 
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Suction, Inches of Mercury 
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Fie. 8 Venturi Suction at HicH Speeps 
(Venturi mounted on side of fuselage and operating an instrument.) 


Fie. 9 ARRANGEMENT OF VENTURIS FOR FLIGHT Test 


above the speed at which the instruments cease to function at 
sea level. 

Effect of Location and Flight Conditions on Venturi Suction. 
Possible positions of venturi. 


(1) On fuselage in slipstream 

(2) On strut in slipstream 

(3) Top of wing in slipstream 

(4) Under wing in slipstream 

(5) Above positions not in slipstream. 


A series of flight tests were carried out by the writers with the 
cooperation of the Meteorological Department at the Massa- 
chusetts Institute of Technology. The purpose of these tests 
was to study the effect of various flight conditions on venturi 
operation. Two venturi positions were considered, one above the 
front wing spar and a second below the wing directly in line with 
the first. Both positions were well within the slipstream. Fig. 9 
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is a diagram of the experimental arrangement. A moving pic- 
ture camera was used to record instantaneous readings of the 
pressure gages C and D in addition to data supplied by the other 
instrument equipment of the airplane. The information used 
in plotting the curves of Fig. 10 was obtained by examination 
of the moving-picture-film record. Apart from influences of air- 
speed as discussed above, the effect of maneuvers on venturi 
performance may be analyzed into two components, one due to 
the slipstream and a second due to the effective yaw of the ven- 
turi with respect to the relative air velocity. 

Slipstream Effect. The slipstream effect will be considered 
first. In general, the pressure difference supplied by the venturi 
will be: 


Kp =F ICA 2pvtcum: cis lactones [3] 


Where v- is the effective velocity of the air past the venturi. 
In practise ve will be a function not only of slipstream velocity 
but also of local deviations of the air stream past parts of the air- 
plane structure. 
If the indicated velocity of the airplane is v the pressure differ- 
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Fie. 10 StipstreaAM Errect on VENTURI SUCTION 


(Engine kept at constant throttle.) 


ence furnished by a venturi without the slipstream and local 
effects would be: 


Np ig mY 2 ee eererancctetere cere chert [4] 


The ratio between Ap’ and Ap may be taken as a measure of 
the influence of slipstream and position on venturi operation, that 
is: 


Ap yp? 1/2K pv? fe oUeLrehvis: elle eile eles 


Fig. 10 is a plot of S against indicated air speed for the tests 
mentioned above and from this it is immediately apparent that 
the venturi mounted above the wing profile is much better than 
that mounted below the wing. This result is readily understand- 
able since air passing above the wing will be accelerated to a 
greater extent than the air which flows under the wing. The plot 
also shows the great advantage of a venturi mounted within the 
slipstream, since a pressure ratio of from 5 to 10 is obtained for 
a low speed climb where suction is especially valuable. 

Effect of Yaw. Data taken from the motion-picture record indi- 
cated that slipping or skidding of the airplane has a pronounced 
tendency to reduce the venturi suction. A series of tests on a 
venturi was carried out in the wind tunnel at the Massachusetts 
Institute of Technology. This work showed that the suction 
for practical purposes is independent of yaw up to an angle of 
forty degrees. 

It was found impossible to explain the flight results on the 
basis of the wind-tunnel tests. The authors feel that this diffi- 
culty may be cleared up easily by further flight tests. It is ques- 
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tionable, however, if this part of the problem is of sufficient im- | 
portance to warrant the effort. | 


VENTURI DRAG 


There remains to be considered the power required for the 
operation of the gyroscopic instruments by means of venturis. | 

Wind-tunnel tests showed that venturi drag increases with the 
square of the relative air velocity. This, of course, leads to the 
usual cube-law increase of power consumption with speed. Fig. 11 
shows the power required by the venturi equipment for driving 
various combinations of the gyroscopic instruments as the air- 
plane velocity is varied. The data used in plotting these curves 
are based on the assumption of venturis mounted within the 
slipstream. 

Efficiency. It can be shown for the case of a venturi drawing 
air through a fixed orifice, that efficiency, on a basis of the ratio | 
of power output to power required, is substantially independent 
of air velocity under conditions of constant density. This ef- 
ficiency as experimentally determined lies in the range of from 
1 to 2 per cent. 

The considerable amount of power absorbed by a venturi is a 
serious disadvantage, especially for use on high-speed, long-range 
airplanes. For this reason, venturi installations for instrument 
operation should be limited to airplanes cruising at 120 mph or 
less. More efficient equipment is available, but the relatively 
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Horsepower Required (i.e.loss due to venturi drag) 
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Fic. 11 Horsprowrr Requirep Vs. Air SPEED 


small power loss (less than 2 hp) makes the desirability of added 
complication questionable. 

Ice Formation. During an extended series of flights carried out 
by the Meteorological Department at the Massachusetts Insti- 
tute of Technology, it was found that under certain atmospheric 
conditions the venturi installation was rendered inoperative by 
ice formation. This problem is especially serious as it means 
that often the instruments will not be available when they are 
needed most. 

It is possible to reduce the difficulties due to ice formation by 
mounting the venturis where they may receive heat from the 
engine exhaust. This may be accomplished by placing the ven- 
turis on the exhaust manifold itself or by allowing part of the 
hot gases to flow through the venturi throat. It was found in 
practise, however, that any simple arrangement for the use of 
exhaust heat did not prevent ice formation under severe condi- 
tions. 

DISPLACEMENT Pump 


The problem of drawing air through a fixed orifice by means of 
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. 1) 


a displacement pump has been studied theoretically. The (2) Electric motor drive 
_ pressure difference maintained by a displacement pump across (3) Engine drive. 


the orifice is given by the formula? : : : 
8 y It is not the intention to discuss all the different types of pumps. 


yp 1 Certain examples only will be considered below. 
Ap = 9 X — (aa)*yRT OO CHENG (6] The pressure-altitude plot shown in Fig. 12 is a comparison of . 
1 ibs Ges) flight test results on a constant-speed, propeller-driven, single 
reciprocating vane pump with corresponding values calculated 
Where by formula [6]. In this case the pump was operating both an 


artificial horizon and a directional gyro. The theoretically pre- 
dicted curve falls somewhat below the empirical points. This 
discrepancy has been shown to be due to a variation in effective 
orifice area of the instruments caused by the presence of the rotor. 


fdas 


Ap = pressure difference across orifice 
my p = atmospheric pressure 

a = effective orifice area 
= pump displacement per revolution 
= revolutions per second io 
temperature of atmosphere (absolute) 
gas constant for unit mass of gas 
exponent of expansion process 


ll 


2 Dese 
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| This equation is valid for cases in which (Ap)? is small com- 
' pared to p?. 
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STANT-SPEED, PROPELLER-DRIVEN, SINGLE-RECIPROCATING-VANE 
Pump Drivine DrrecTionaL Gyro anpD ARTIFICIAL Horizon 
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3.5 st 
_ Experiment showed ; = 
that this equation repre- v 
- sents very closely the ac- 3.0 & 6 
_ tual behavior of a pump- 5 
- orifice system. In prac- 64 
tise it was found that 2 5 
. pe) 
with y equal to unity a D2 
_ good check was obtained. ee £ 
Physically this means aa & of ~ : 5 L. = 
that the expansion proc- S Altitude, 1000 f+ 
* pe 
Bema most seotcr Bie Fig. 15 Revation BretwErn Pump Suction anD ALTITUDE FOR 


mal. This is the result 
_ to be expected in the case 
of a well-cooled pump 1.0 
and exposed copper-tube 
_ connections. 
Types of Pumps and 
Ff ee The vere are omitted here. 
& pyc Cid Neto % 20 4O CO —COmO0 Fig. 13 shows a comparison between the drag of a venturi in- 
eee £8 follows: Indicated Air Speed,mph stallation and the drag of a propeller-driven pump. These tests 
(1) Piston pump Fic. 13 Comparative Drag Curves were carried out in the Massachusetts Institute of Technology 
(2) Multiplerotat- "0? PRopeLter-Driven, SinciE-Rz- wind tunnels. It was found that the blade element contributed 
ing vane ec- Rie eee had AnD TWO  jittle to the drag. The mounting and the pump housing caused 
centric the major portion of the resistance at all air speeds above 65 mph. 
(3) Single rotating vane Fig. 14 is a plot of the relation between pump suction and 
(4) Single reciprocating vane rpm at sea level and 20,000 ft altitude for a multiple rotating 
(5) Gear vane eccentric pump. A pressure release valve was furnished 
(6) Roots blower with this pump to limit the pressure to 4 in. of mercury. Fig. 15 
shows the relation between suction and altitude for two engine 
Bereo si ctent: mneshods-ofsdmvene lerpanae ato: speeds, the pump operating on an orifice equivalent to the direc- 


(1) Propeller drive tional gyro and the artificial horizon. 


Muttiete-Rotatinc-VANE Eccentric Pump ror Two ENGIN» 
SPEEDS 


(Pump operating on orifice equivalent to directional gyro and artificial 
Bosnon, Assumed volumetric efficiency = 70 per cent.) 


If this effective orifice variation is taken into account,? a much 
better check is obtained but in the interest of brevity the data 
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CARBURETOR Drop 


One of the essential functions of an aircraft engine is that it 
must pump through itself the air required for combustion of the 
fuel. For any aircraft engine the total volume of air handled per 
unit time is very large compared to the quantity of air flowing 
through the gyroscopic instruments in the same time. 

In general, for an engine with a brake thermal efficiency of 
25 per cent, estimated on the basis of air consumption, and using 
a hydrocarbon fuel, the air requirement is about 1.8 cfm per hp. 
Thus the amount of air that an engine delivering 100 horsepower 
will draw through itself is about 180 cfm. The air flow through a 
complete set of gyroscopic instruments is about 3 cfm. These 
data show that the use of the carburetor drop for gyroscopic in- 
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Fie. 16 CarBuRETOR Drop Vs. ALTITUDE AT VARIOUS THROTTLE 
PosITIONs 


strument drive will affect the air flow by less than 2 per cent for 
a 100-hp output and consequently less than 0.5 per cent on a 400- 
hp output. In any case, the air entering the manifold through 
the instruments may be easily compensated for by use of the 
carburetor adjustment. 

In the engine carburetor there is always a certain pressure drop 
through the choke and throttle assembly. A very desirable 
simplification would result if a satisfactory vacuum supply could 
be derived from this carburetor pressure drop. 

In this discussion care has been taken to specifically consider 
pressure drop through the carburetor only. It is obvious that 
Diesel engines and engines using fuel injection with no air throttle 
are not available as sources of vacuum for instrument drive. 

Fig. 16 indicates the results of a flight test made for the pur- 
pose of determining the variation of carburetor drop with throttle 
setting and altitude. Evidently the available vacuum is too low 
at full throttle and much too high with closed throttle for satis- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


factory instrument operation. Under cruising conditions the 
pressure difference is somewhat higher than the normal value for 
the gyros. 

The data outlined indicate that a connection to the 
intake system just above the throttle will serve as an excellent 
source of vacuum under cruising conditions. However, the high 
pressure-drop existing at closed throttle makes it imperative that 
some sort of pressure regulating valve be included in the system as 
a protection for the instruments. Such an installation is inexpen- 
sive and reliable but has the serious disadvantage of becoming in- | 
operative as the engine reaches its maximum output. This fea- 
ture would eliminate the scheme from consideration for airplanes 
which must make long flights at full throttle. However, under 
conditions which require full throttle operation for short periods 
only, the momentum of the gyro wheels will keep the instruments 
in operation during the low-vacuum intervals. 


CoNCLUSION 


There remain to be considered briefly the relative merits of the 
three sources of suction for gyro-instrument operation. 

In point of satisfactory operation over the entire range of flight 
conditions, a suitable displacement pump is undoubtedly superior 
to either the venturi or the carburetor drop arrangements. It 
seems reasonable, therefore, to expect that the final solution of the 
instrument drive problem will be some form of displacement 
pump. 

From the standpoint of installation, the venturi, the propeller- 
driven pump, and the manifold vacuum-control valve present 
about equal advantages. The engine-driven pump may be dif- 
ficult to install properly on an engine not specially fitted for the 
purpose. 

Considering the matter of efficiency, the venturi is undoubtedly 
the least desirable of the three vacuum sources. 

In the case of a manifold connection the useful work obtained 
in driving the gyroscope rotors does not reduce the output from 
the aircraft engine. Consequently the overall efficiency may 
be considered as infinitely great. 

No data on the power requirements of engine-driven pumps 
were available so that no numerical estimate of efficiency for this 
system is given here. It seems certain, however, that the power 
absorbed by a displacement pump will be negligible compared 
to the output of the modern airplane engine. 
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The characteristics of a new material, commonly known 
as stainless steel, are considered, with facts and conclu- 
sions concerning its adaptability and suitability for use 
Min aircraft construction. The type of steel discussed is 
| dalled 18-8, by the proportions of chromium and nickel 
vused. This material is selected because it is austenitic in 
character and is more readily procurable than some of its 
‘kindred alloys. The strength-to-weight ratios of 18-8 
stainless steel are first considered in relation to comparable 
| values from aluminum alloy, which is the most widely 
used metal in aircraft structures. This comparison is 
| made using four criteria as representing the value of a 
) material for structural uses. These criteria are (1) tensile 
'strength, (2) the strength of columns, (3) the strength of 
»members in bending, and (4) the deflection or stiffness 
»characteristics. In this connection the finishes which are 
“uecessarily employed on aluminum alloy as corrosion 
/ypreventives are charged against that material. 


HE arrival of a new material in the construction of air- 
craft has been attended by considerable discussion regard- 
ing its merits as a structural material and its acceptability 
‘with respect to manufacturing costs. The characteristics of this 
umaterial will be considered in this paper with the view of present- 
‘ing such facts and conclusions as are available to permit an opin- 
‘ion to be formed as to its adaptability and suitability for use in 
aircraft construction. The discussion is a report of the develop- 
“ment which has taken place up to this time and is only intended 
‘to represent a study of the art in its present condition. The 
‘material under consideration is the corrosion-resistant chrome- 
vnickel alloy commonly known as stainless steel. There are 
‘many types of chrome and chrome-nickel irons and steels pro- 
“duced for a wide variety of purposes, many of the uses being of 
a highly technical and specialized nature. The particular grade 
chosen for aircraft work is known as 18-8, in reference to the 
proportions of the principal alloying constituents, chromium and 
nickel, used in its manufacture. This material is selected for 
‘the following reasons: It is the most common of the stainless 
| steels, is most easily handled in its processing, and is therefore 
| produced in larger tonnages and is available from a number of 
reliable sources of supply. It may be hard-rolled to a very high 
“tensile strength. It is austenitic and non-magnetic, which prop- 
erties make it a satisfactory material for use in and around pilot’s 
‘cockpits because of its neutral effect on navigating and electrical 
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Stainless Steel in Aircraft Construction 


By FREDRIC FLADER,! BUFFALO, N. Y. 


instruments. It is satisfactorily corrosion-resistant for aircraft 
work without painting. This quality is of particular value in 
flying-boat and seaplane hulls because of their continual contact 
with salt water. 

An examination of the strength-weight ratios of 18-8 stainless 
steel will first be considered in relation to comparable values for 
other materials that are most widely used in aircraft structures at 
the present time. Four criteria are considered as representing 
the value of a material for structural uses. These criteria are 
(1) tensile strength, (2) the strength of columns, (3) the strength 
of members in bending, and (4) the deflection or stiffness charac- 
teristics. In this connection the weight of the finishes which 
are necessarily employed on aluminum alloy as corrosion pre- 
ventives is charged against that material. It is considered that 
the use of paint on stainless steel is unnecessary except for external 
color requirements. 

Fig. 1 shows a representative stress-strain curve taken from a 
specimen of hard-rolled 18-8 stainless-steel sheet material. Un- 
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Fic. 1 ReprRESENTATIVE STRESS-STRAIN CURVE OF HaRD-ROLLED 


18-8 STAINLESS-STEEL MATERIAL 
(Ultimate tensile strength, 190,000 lb per sq in.) 


like ordinary steel, this material does not have a definite yield 
point. The limit of proportionality is rather low, after which the 
material yields along a uniform curve of decreasing slope. In de- 
fining a yield point for a material of this character it is necessary 
to select a point at which the stress-strain curve has deviated a 
definite amount from the straight line of Hooke’s law. The 
amount of this deflection is somewhat arbitrary, but not entirely 
so. An attempt is made to define a value for the yield point so 
that when structures are designed using this value, the design 
load will be sustained without a permanent set of any of the mem- 
bers of the structure. A definition of such a value is taken at 
that unit stress under which the test specimen shows an exten- 
sion of 0.002 in. per inch in excess of that which will be computed 
from Young’s modulus of elasticity and the formula: 


Unit stresses = Young’s modulus < Unit deformation 


From reliable test data a minimum yield point of 140,000 Ib 
per sq in. is obtainable from 18-8 hard-rolled material. This 
value may be used in design work and is believed sufficiently 
conservative to take care of material variations and an allow- 
ance for discrepancies between test results and actual failing 
stresses in built-up structures. 

Fig. 2 indicates the cost in weight due to paint. Curve 1 
shows the relation between the weights of painted and unpainted 
aluminum-alloy surfaces. Some 25 to 30 per cent is added to 
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ee ere Two beam sections, one of 
Sane 5 i Q aluminum alloy 1 ft long and one 
2 of stainless steel 20 in. long, were 
al oi eva an ae made and tested in compression. 
ae \ iw Both specimens were of similar 
Ratio of Weight of Aluminum-Alley to design and were made to repre- 
| Serica i based on Equal Tensile sent sections of a beam for the 
" (Strength of Nembers same airplane. The aluminum- 
+ iOIORENe alloy member weighed 0.57 Ib 
Q per ft and sustained a unit stress 
a ite of 40,500 Ib per sq in. in compres- 
2° 0.040 1 sion. The stainless-steel section | 
< & A 
Best Reebere ene eet ily | Weighed 1.008 Ib per ft and held 
5 Members of Equal Tensile Strength a unit stress of 128,000 Ib per 
-£ 0.030 a r sq in. The factor e (see Table 
& Dy 1) computed from these tests 
= Phe C based on equal weight is 1.21, 
2 oa indicating approximately a 20 
w 0.020 : 
> ep a per cent advantage in favor of 
U) stainless steel, even though this 
aver! we a See specimen was the longer one. 
; T ae, Beam members of similar de- 
a Weigh esis : fe ‘iiloy Fi oe BS hrm \ ay eae re sign to the compression specimens 
previously described but of longer 
Go. ae 20 22 24 26~—~C~*~<C«S 30 32 34 6 lengths were made and tested in 
1.00 1.10 1.20 1.30 a svi ic aria i ay 1.70 bending. The aluminum-alloy 
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Fie. 2. Comparison oF TENSILE STRENGTH OF PaInTep ALUMINUM ALLOY WITH UNPAINTED STAIN- 


LESS STEEL 


(Tensile strength of aluminum alloy, 55,000 lb per sq in.; tensile strength of stainless steel, 175,000 lb per sq in.) 


the weight of the gages of sheet usually enfployed on skin- 
covered structures such as monocoque fuselages and tail surfaces. 
Curves 2 and 3 show the relationships between painted alumi- 
num alloy and stainless steel. The foregoing data indicate 
clearly that a saving in weight is possible when using stainless 
steel in so far as tensile strength 


Weight of Aluminum Alloy Pairted 
Weight of Aluminum-Alloy Unpainted 


beam is an efficient design as_ 
evidenced by the development 
of 47,700 Ib per sq in. stress in 
bending. Owing to a shear fail- | 
ure experienced in the stainless- 
steel beam test, no ultimate bend- 
ing stress was obtained. The 
ratios of actual deflection to calculated deflections in the two 
beams were almost the same (about 0.90), which indicates that 
the same load would have been held by the stainless-steel beam 
that was sustained by the aluminum-alloy beam had not the 
shear failure occurred first. Data on the strength of stainless- 


may be used as a criterion of TABLE 1 
structural efficiency. — Weight 
suritace er 
In Table 1 are computed some Area Weight per 100 ain . ae te debi 
ize aluminum- ° per in. painte A aluminum A stainless 

values of the factor e defined by alloy tube tube 100 in. length ube alloy steel e 
the formula given with the table. ih 0.035 9.05113 0.51 1.09 0.568 44,000 1.360 

hi F 0. 1464 1.4 ‘ 3 pee y : 

This factor shows the relative lf, 0.065 0.293 2:93 3.27 3.165 L/e = 10 4% 44'o09 ¢ 152,000 47390 
strength of various sizes of 2 0.095 0.5685 5.68 4.36 5.994 44,000 1.288 
sluminum-alloy tubos compared 9°* $988 BOHHIs O'R EB OE ay, = a (28000) roc00 188 

: 17, 0.035 0.05113 0.51 1.09 0.568 10,330 0.973 

to stainless-steel members of the : Hepa Bet ORT CONN Pee BRM tr yp jaa 100 igarot 25,500) “Sores 


same weight when tested as col- 
umns. L/p values vary suffi- 
ciently to cover both the straight 
line and Kuler ranges for the 
aluminum-alloy tubes. The 
variation of strength of stainless- Wp 


Nores: 
Weight of painted surfaces: 


P/A steel 


1 coat red oxide primer..... 
2 coats navy gray enamel.. g 
1 coat aluminum bitumastic paint (inside) ...........csccccsssesvicves 


0.007 lb per sq ft 
0.040 lb per sq ft 
0.025 lb per sq ft 


0.072 lb per sq ft 


steel columns is not clearly de- he mr fee Re Be peter 
fined by either a straight line Ww = weight af piniotnan any unpainted 
or a Euler relationship. The Di Ra mieatie pub Maen gered. 


factor e indicates a definite ad- 
vantage in the use of stainless C 
steel in short columns up to an Euler P/A = 7, 
L/p of about 50. Above this G) 
value stainless steel is inferior to 

aluminum alloy. This is simply because the weight ratio of 
stainless steel to aluminum alloy is 2.83, while the ratio of their 
moduli of elasticity, which is the governing factor in long col- 
umns, is only 2.48. 


ae 


ratio weight of stainless steel to weight of aluminum alloy 
Straight line P/A = 48,000 — oa x L/p 
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steel beams in bending and in combined bending and compression 


are too meager to be of value in drawing any definite conclusions. 
Within the near future, however, a rather systematic series of 
tests along this line will be completed. 


Data which have been obtained at the present point in the re- 
search program, while not fully conclusive, do indicate that a 
saving in structural weight of 10 to 15 per cent is possible when 
using stainless steel except in long columns. Owing to the 
slightly lower modulus of elasticity of stainless steel—26,000,000 
as compared with 29,000,000 for other steels—structures made 
‘| from stainless steel may be expected to deflect about 11 per cent 
more than equivalent members of chrome-molybdenum steel or 
_ aluminum alloy. Recent research has indicated that by special 
' processing it will be possible to improve the modulus of elasticity 
and to raise the limit of proportionality of stainless steel. From 
‘information gained, it appears that the structural characteristics 
may be improved as more is learned about the material. 

' The remaining factor to be considered by the designing engi- 
neer is the matter of making joints and fastenings. Practically 
~ we are confined to riveting and bolting or welding. A riveted or 
bolted-up structure of stainless steel, aside from the cost of the 
rivets and bolts and their insertion, would be very expensive 
because of the difficulty in drilling holes. Acetylene welding and 
electric-are welding are as a general rule not suited for use in 
fabricating joints which are strong and resistant to vibrations, 
because of their detrimental effects on the structure of the mate- 
' vial. Electric-resistance welding of stainless steel is now an estab- 
lished and a reliable process. 

'. A brief discussion of the physical characteristics of 18-8 stain- 
less steel and the adaptation of electric spot welding to its peculi- 
| arities will be given. This alloy is normally austenitic, which 
means that the carbon content of the material is dissolved in the 
iron somewhat as salt may be in solution in water. The main- 
tenance of this condition is necessary for the material to have its 
normal physical properties and to be resistant to fatigue and 
corrosive attack. 

Microscopic examination of a sample of austenitic metal 
shows that its structure consists of rather uniform crystals of 
rectangular section and that they are bounded by sharp, well- 
defined lines. When the carbon in this metal is merely mixed 
with the iron and is not in solution, the alloy is said to be non- 
austenitic. In this condition the crystals are somewhat separated 
by rather blurred and indistinct lines wider than in the austenitic 
metal. The material between the crystals is supposed to be 
carbon which has separated from the iron. This change in the 
character of the material gives rise to the term “carbide precipi- 
tation,” analogous to the crystallization of salt from a salt-water 
solution. Apparently this change from an austenitic to a non- 
austenitic material takes place when the metal is heated to a 
temperature between 950 F and 1550 F and is held at this tem- 

perature for a sufficient length of time. 
At about 950 F the carbon is completely dissolved in the iron. 
Upon raising the temperature, carbon begins to precipitate. 
This precipitation takes place at an increasing rate until a tem- 
perature of 1200 Fis reached. Above 1200 F the rate of carbide 
precipitation becomes less, until at 1550 F it stops entirely. If 
the temperature is carried on up above 1550 F, the carbon gradu- 
ally goes back into solution and the alloy returns to its normally 
_ austenitic condition. Ifthe metal, once more in its most desirable 
- state, can be cooled sufficiently rapidly, it will pass through the 
critical temperature range just described without carbon leaving 
the solution again. This quality is of very great importance in 
selecting a method of welding the material. 
_ Acetylene or are welding, as all know, is a process of fusing two 

pieces of metal at the points where they are to be joined in such 
a way that the metal is melted and caused to flow together. 
During these processes a considerable mass of material is melted 
and cooled rather slowly. During this cooling an ideal condition 
is produced for carbide precipitation to take place. Electric 
spot welding is a more desirable method, since only sufficient 
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metal is melted to form the spot. Under ideal conditions a weld 
is made by pressing the two or more pieces of metal together and 
at the proper time allowing just sufficient current to pass between 
the electrodes to bring the metal to the fusing point. At this 
instant the pressure applied causes the fused metal to flow to- 
gether, thus forming a homogeneous and firm bond between the: 
plates. Because of the small amount of metal which has been 
melted and also because of the fact that the adjacent metal has 
not been heated, the molten spot cools very rapidly, so that the 
carbide precipitation does not have a chance to form. 

To obtain welds of suitable quality and reliability for air- 
craft production it is necessary to make use of equipment some- 
what more advanced in its development than the average power- 
driven spot welder used in commercial work. In spot welding 
there are three main variables: 


1 Pressure of the electrodes on the work 
2 The amount of current 
3 The time of current application. 


The pressure can be adjusted to the amount required by varying 
an electrode compression spring, which is ordinarily furnished 
with a machine. The current is easily adjusted by changing the 
setting of a control, which also comes with the welding machine. 
The timing control is more difficult and requires a special de- 
vice. It is necessary to make resistance welds in as short a 
time as possible for several reasons: 


1 High-speed production 

2 Minimum oxidation or scaling 

3 Prevention of carbide precipitation, distortion, and 
warping. 


As previously explained, carbide precipitation, as well as dis- 
tortion and warping, is held to a minimum when the heat is 
confined to the actual welding area, and this is possible only if 
the welding time is very short. If welded in a short enough time, 
it is theoretically possible to generate the necessary heat at the 
location of the weld, fuse the surfaces together, and allow the heat 
to be conducted rapidly away by the surrounding metal and elec- 
trodes after the weld has been completed without heating the 
outer surface of the sheets to an injurious temperature. It is 
not only necessary to complete the weld in a very short space 
of time, but it is also necessary to synchronize the make and break 
of the weld with points on the alternating cycle curve which pass 
through zero, or at the times when no current is flowing owing to 
a reversal of the cycle. 

The reason for beginning and ending a welding operation at 
times of zero current flow is to avoid arcing when the electrodes 
are making or breaking a contact. The formation of an arc 
is a cause of oxidation and burning of a weld. 

Each cycle of the sine wave representing a 60-cycle current 
takes a time of 0.0167 sec. If it is possible to weld in even cycles 
or half cycles, then the question of timing control is solved both 
as to accuracy of the duration of each weld and the fulfilment 
of the requirement of starting and stopping of a weld at exact 
instants when no current is flowing. 

Actually with suitable equipment it is possible to make welds 
in one-half-cycle increments. Theoretically it is best to use this 
amount of time for all welding and vary the amount of current 
in direct ratio to the thickness of the parts being welded. Practi- 
cally, however, a machine of normal capacity is not large enough 
to supply the needed current for welds on heavier gages, so that 
it is necessary to increase the time, using several cycles, so that 
the total amount of electrical energy dissipated at the weld is 
approximately the same as would be the case with the shorter 
welding time and more current. 

The most satisfactory device for controlling the application of 
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A He only needs to know the 
Ni gael Neato A A A A AA AA A A strength per spot for each gage 
a Me VES AMV MN of material. The strength of a 
spot varies in a fairly definite 
8 relation with the thickness of 
AN NNN Ne NNN \—\—\—\~ the thinnest of the material 
being welded. In stainless-steel 
sheet-metal construction equiva- 
lent to thin aluminum alloy 
such as wing and _tail-surface 
covering material, the strength 
of a spot weld is about double 
that of the most efficient size 
rivet in aluminum alloy. This 
advantage gradually diminishes 
on the heavier gages in which the 
strengths of welds and rivets are 
comparable. 


MANUFACTURING Costs 


It is not possible with avail- 
able data to present any accurate 
figures to show the difference 
between the costs of aluminum- 
alloy and stainless-steel construc- 
tion. However, it is possible to 
make some comparisons between 
the various processes involved so 
that a fairly definite conclusion 
may be drawn as to the relative 
merits of the two methods. 

Normal forming and cutting 
operations are much more diffi- 
cult and costly on stainless steel 
than on other commonly used 
materials. For this reason such 
operations are simplified and 
avoided as far as possible in 
designing stainless-steel aircraft 
parts. For the most part, shapes 
Fie. 3 Wer.pine Prriops In Terms oF Cycims or CURRENT are made by a drawing process 


(Oscillograms illustrating range of control to be obtained with G.-E. CR7503-B2 thyratron-tube control for resis- producing simple forms, but 
tance-welding machines. A, 2 cycles on, 1 cycle off; B, 1 cycle on, 2 cycles off; C, 3 cycles on, 2 cycles off; D, : Paral 
4 cycles on, I cycle off; Z, 9 cycles on, 19 cycles off; F, 13 cycles on, 2 cycles off; G, 97 cycles on, 7 cycles off.) | conforming to known principles 


current to a weld at the proper instant, definitely measuring a 
predetermined time in even cycles of current, and stopping the 
weld at the proper time, is an electrical rectifier known as the 
thyratron contactor. The figures and microphotographs illus- 
trate some of the results obtained with a device of this kind ap- 
plied to a spot-welding machine as the time-control medium. 
Fig. 3 illustrates welding periods in terms of cycles of current. 
The symmetry and uniformity of these records show clearly the 
accuracy of control. Fig. 4 shows the results obtained by using 
long and short periods of dwell. The center spots were welded 
with 60 cycles or 1 sec time. A zone around these welds has 
been heated to the critical temperature at which carbide precipi- 
tates, so that these are not good welds. At the top of the photo- 
graph are three welds made with 12 cycles. These welds are 
more uniform in quality and appearance due to the more rapid 
heating and cooling periods. At the lower left side of the picture 
are four welds madein 1 cycleeach. These welds are of excellent 
quality, without carbide precipitation or discoloration of the 
metal. Fig. 5 is a section of one of these welds magnified 500 
diam. The excellence of the grain structure is noteworthy. 


When using electric spot welding, the designer does not need Fie. 4 Wevupine Resutts OsTaInep By Usine Lona AND SHORT. 
to think in terms of rivet-shearing strength and bearing area. Periops or Dwr. 


LOL RIOR, 


‘for their structural efficiency. 

Because of the high density of 
| the material (the same as ordi- 
nary steels) it is necessary to use 
| jt in thin gages in order to build 
_ structures of comparable weights 


Fastening bottom sheet on boat hull 
Fastenings on truss type wing beam 
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TABLE 2 COMPARISON OF RIVETING AND SPOT-WELDING COSTS 
Drilling Inserting Man-hr Man-hr Ratio of 
(holes and per for four cost of 
per heading rivet Cost Spot spot welds Cost rivets 
minute (rivets per drilling, per welds equivalent offour and 
one minute inserting, inch, per to one spots, cost 
Operation man) two men) and heading cents minute rivet cents of spots 
0.915 1.074 0.0493 4.93 40 0.00166 0.166 29.7 
0.958 0.646 0.0694 6.94 10 0.00664 0.664 10.5 
0.850 1.33¢ 0.0446 4.46 40 0.00166 0.166 26.8 


/-to wood and aluminum alloy. 
_A thin sheet inherently lacks 
stiffness normal to its own plane. 
For this reason it is considered 
| necessary in order to take full 
advantage of this metal as a structural material to resort in 
; general to the principle of using frequent stiffeners in such a man- 
ner as to keep the flat-sheet element widths down to low values, 
' and further to make use of frequent supports along the lengths of 
‘the members to keep the column lengths down to low values. 
Owing to this method of design with additional formers and 
| stiffeners, it is believed that probably four times the number of 
) spots will be used compared with rivets in aluminum-alloy con- 
' struction. The cost of drilling, inserting, and heading operations 
|.on aluminum-alloy rivets has been compiled from actual time 
' records for the three operations shown in Table 2. A comparison 
» of the cost of spot welding is made based on the rate of speed in 
» welding which has been obtained in work of a similar nature to 
that which employs the rivets. 
/’ This comparison indicates a great advantage in favor of spot 
welding considering only the present application of the method. 
“The possibilities of spot welding may be more fully realized by 
considering what may be done using production methods. It is 
within the realm of possibility to produce 75 ft of linear welding 
per minute, making four spots per inch, which amounts to 3600 
spots per minute. At such a speed it would of course be neces- 
sary to properly feed and guide the work through the machines. 
This is and will be accomplished to an increasing degree of ef- 
ficiency by indexing and feeding devices operated in synchro- 
| nism with the welding operation. 
| Figures compiled from the parts lists of a large airplane which 
_ has recently been produced in limited quantities show that 142,- 
000 rivets were used in each airplane. This corresponds to a 


@ %8/\¢ rivets. 


rivets. 


cost of $6390 at 41/. cents per rivet, including overhead. Assum- 


Fastening skin on monocoque fuselage 


b Wie 70 per cent are 3/\s rivets and 30 per cent !/4 rivets. 
c 1/6 ri 


ing that 568,000 spot welds would be used in this same machine 
in stainless steel, the cost of welding would be only $471.44, 
taking the average of the figures given in Table 2. The saving 
per plane would be $5918, or in this instance a total of $147,950 
on a production of 25 planes. 

Stocking and handling costs of stainless-steel material are 
much less than these costs of aluminum alloy. In many cases it 
is necessary to store aluminum-alloy sheets between alternate 
pieces of oiled or waxed paper to avoid scratches when sheets are 
pulled from the racks. It is also necessary to take care to pre- 
vent abrasion and scratching of the metal while in process of 
fabrication, and the use of sharp marking tools is prohibited. 
This care of aluminum alloy is important because abrasion of the 
mill surface provides places for corrosion to set in, particularly on 
parts which are to be used near salt water. The same care is 
not required when using stainless steel, since this material is 
much harder and less susceptible to damage of this kind. An- 
other important point is the difficulty of distinguishing between 
annealed and heat-treated aluminum alloy. One instance has re- 
cently been experienced of a very costly mistake in which improp- 
erly heat-treated rivets were in some way used in production. 
The visual differentiation between annealed and high-strength 
stainless steel is pronounced enough to avoid confusion, as an- 
nealed stock may be purchased with a dull pickled finish, whereas 
hard-rolled material is bright. 

The physical properties of 18-8 steel are derived from cold 
working, and it does not respond to any sort of heat treatment 
except normalizing. Therefore this phase of manufacturing when 
using this metal is eliminated except for such normalizing as is 
considered to be necessary. 

In the author’s experience a 
very costly item in aluminum- 
alloy construction has been the 
rejections and reworking made 
necessary by wrongly drilled 
holes, elongated holes, and bad 
rivets. jThe use of stainless: 
steel and the spot-welding proc- 
ess obviates these difficulties to 
a large extent as no holes are 
required and a lesser degree of 
care is required in spacing the 
welds than is the case with 
rivets. 

Next in importance to the 
saving effected by replacing the 
riveting process by welding is 
the practical elimination of the 
elaborate finishing operations 
on aluminum alloy and other 
steel construction. Anodizing 
at approximately 25 cents per 
square foot and sand blasting 
and painting at approximately 
20 cents per square foot are 
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almost entirely eliminated when using the stainless steel. 

Summarizing the probable advantages of stainless-steel con- 
struction from the airplane manufacturer’s viewpoint, the method 
should yield lighter structures for equal strength and should ma- 
terially reduce construction costs. The outstanding factors in 


costs are the use of electric resistance welding and the reduction 
of costly finishing processes. From the operation standpoint 
the foregoing considerations lead to greater operating economy 
through increased pay loads and reduced maintenance costs, par- 
ticularly the item of continually renewing protective coatings. 


The economic advantages of the large airship asa long- 
_ distance carrier depend to a great extent upon its useful- 
load capacity, its speed and its cruising radius. Improve- 
- ment in design or in auxiliary equipment, therefore, which 
_ ,will increase materially any or all of these three factors, is 
| of prime importance. 

This paper touches on the fundamentals underlying the 
carrying capacity of lighter-than-air craft and points out 
' possible changes in construction, means of ballasting, 
| power-plant equipment, and fuel characteristics whereby 
| substantial economic and operating advantages may be 
_ effected in future designs. 


ARGE airships are seeking recognition as long-distance, 
rather than short-distance, carriers and propose to operate 
principally on over-water routes. Any improvement in 

performance of useful load carried or of maximum speed attainable 
is certain to enhance the economic advantages of the airship. 
Up to the present, airship development has not been benefited, 
) \as airplane development has, by the competitive effort involved 
in the construction of many units representing a variety of types. 
Airship development more closely parallels steamship history. 
Single units are costly and require time to design and build. 
But the increasing potentialities of airships as a medium of trans- 
port are gradually being unfolded through experience, and it is 
realized that the sizes and performance of our present airships 
will not adequately meet the requirements of the future. Tech- 
nical progress is so rapid that a design is found to be inadequate 
almost before an airship can be built from it. 


Errect oF SizE AND WEIGHT ON SPEED AND Lirt 


One direct method of improving airship performance would be 
to build larger airships, since with increase in size it would be 
possible to increase the speed and cruising range and otherwise 
to effect improvements that would be of great benefit. It is 
noteworthy and is a significant index of the strides that have 
been made and are being made in airship development that each 
of the six large airships built (and they are the only ones built 
in the whole world) in the last twelve years has, on completion, 
been found inadequate, principally on account of size. 

For large rigid airships of conventional design, built to present- 
day standards as to strength criteria (which incidentally are more 
severe than in 1922 and correspondingly increase structural 
weights), the dead weight will amount to from 55 to 60 per cent 
of the gross lift when filled at sea level with helium. This leaves 
from 45 to 40 per cent as useful lift, which must include the crew 
and their effects, ballast, fuel, passengers, and mail, and such other 
loads as are to be carried. These percentages are unlikely to 
change very much through minor changes in materials and minor 
variations in types of structural members and their arrangement. 
If hydrogen were used instead of helium, these percentages would 
become about 48 to 53 per cent for dead weight and 52 to 47 per 
cent for useful lift. 


1Commander, U:S. N., Construction Corps; Bureau of Aero- 
nautics, Navy Dept., Washington, D. C. 

Contributed by the Aeronautic Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
AM®RICAN Socitery oF MrecHANICAL ENGINEERS. 

Notrr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Improving Airship Performance 


By GARLAND FULTON,! WASHINGTON, D. C. 


If the attempt is made to increase the speed of a large airship 
from the present maximum of from 80 to 85 statute miles per 
hour to, say, 100 mph, additional weight will be required not only 
in the power plant but in the general structure as well. Aero- 
dynamic forces increase rapidly as maximum speed increases. 

Attempts to gain increased speed without sacrifice in the ratio 
of useful to gross lift brings up anew the possibility of obtaining 
the added strength required for the higher speed by superposing 
some of the principles of a pressure airship upon the conventional 
type of rigid airship, commonly thought of as being a “‘pressure- 
less” airship. The result would be a composite type of construc- 
tion which might have a thin metal covering. This covering, if 
placed under tension by interior pressure, would be made to func- 
tion in a definite manner as a strength member. Such a com- 
posite type of construction would probably show a weight ad- 
vantage for large airships only, i.e., for airships with air displace- 
ments of more than 8,000,000 cu ft. 

From questions that are frequently asked, it appears that there 
exist a great many misconceptions as to airship performance be- 
cause of failure to understand the fundamental physical laws upon 
which the performance depends. There is generally much specu- 
lation about the altitude attainable by an airship, sometimes 
spoken of as the airship’s “ceiling.’”’ An airship does not have a 
“ceiling” in the same sense that an airplane does. The altitude 
attainable by an airship varies with the loading, and the “‘ceiling’”’ 
of a fully loaded airship is close to zero. It is customary to assign 
an arbitrary rating on lift that is about 95 per cent of the total 
lift under average conditions. This allows a margin for seasonal 
variations in lift, impurity of the lifting gas, and other variables, 
and at the same time allows the airship the possibility of attaining 
a flying altitude of about 1800 ft before her gas containers become 
100 per cent full (pressure height). 

The maximum static altitude an airship may attain is that 
point in the atmosphere where the air density bears the same 
ratio to the air density at sea level as the dead weight bears to 
the total lift of the airship at sea level. If the dead weight of an 
airship is 55 per cent of its total lift, it cannot rise statically 
beyond the point where the atmosphere is 55 per cent as dense 
as it is at sea level. This point happens to be around 16,000 ft. 
If the same airship should be filled with hydrogen (instead of 
helium) its dead weight might be only 50 per cent of the total lift 
and it could then rise higher, say, to 19,000 ft. 


Hetium Vs. HypRoGEN 


Any discussion of airship performance must include the effect 
of using helium instead of hydrogen. In practise, the use of 
helium instead of hydrogen to inflate an airship reduces the initial 
total lift by as much as from 10 to 15 per cent, and reduces the 
cruising range by perhaps from 30 to 40 per cent. This is a 
serious handicap to the helium airship and can be justified only 
by the absolute safety from fire hazard that is expected with he- 
lium. There is no hazard from the helium itself, of course, but so 
long as gasoline fuel is used, the existence of a fire hazard cannot 
be denied, although it is not very great and extra precautions are 
taken against it. 

So far as is known, helium exists in large quantities only in the 
United States. At one time it was very expensive, but with im- 
proved processes and greater quantities of production, the price 
has been lowered remarkably, so that at present using helium 
involves questions of distribution and storage rather than of pro- 
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duction costs. It is expensive to transport helium, and steel con- 
tainers for storing the gas under pressure are also expensive. 
But even considering these expenses and the additional one of 
occasionally repurifying the helium, it can be shown that the 
use of helium year in and year out is not more expensive than 
operation with hydrogen. Care is taken not to waste helium not 
so much because of the desire to preserve a valuable commodity 
as to avoid the difficulty of replenishing the supply at some remote 
point. 


EQvuILisrRiuM BETWEEN WEIGHT AND BUOYANCY 


In flight, an airship takes care of minor and even substantial 
variations in equilibrium through the use of her elevators. It is 
desirable, however, especially where the lifting gas should be con- 
served, to enable the airship to maintain throughout the flight 
a reasonable balance between weight and buoyancy. The means 
adopted for this purpose in helium-filled American airships is an 
air-cooled condenser for recovering moisture from the engine 
exhaust. The use of this so-called ‘“water-recovery apparatus” 
has involved many problems, notably those induced by the high 
temperature and corrosive nature of the exhaust products. Al- 
though the apparatus now in use functions, it is heavy and not 
sufficiently durable. If airship performance is to improve, some 
more satisfactory solution to the problem of maintaining equi- 
librium must be found. Airships are the only known agency that 
considers the exhaust products from an internal-combustion en- 
gine worth saving. Every other agency tries to get rid of them 
as promptly as possible. 

The essential results of burning ordinary gasoline in an internal- 
combustion engine can be written as a word equation: Gasoline 
+ air = carbon monoxide + carbon dioxide + water. The 
water will be approximately 1.4 times, and the carbon dioxide 
nearly 4.0 times, the weight of the original gasoline. This invites 
consideration of the possibility of accumulating weight in flight 
through capturing in some way and retaining a portion of the 
carbon dioxide, but practical means of doing it within permissible 
weight allowances have not yet been discovered. 

Meanwhile, helium-filled airships continue to struggle with 
means for recovering water by condensing moisture from the 
exhaust. The results are influenced by composition of the 
fuel, by paucity of accurate data on thermodynamics of heat 
transfer under like conditions, and by mechanical and corrosion 
problems, as well as by the constant effort to reduce weight to 
& minimum and to avoid any unnecessary drag. Recovery of 
better than 115 per cent is frequently realized and an average of 
from 90 to 100 per cent is usually maintained. 

The problem of insuring that the necessarily large quantity of 
ballast water does not freeze in winter is a serious one and the 
solution now employed of carrying alcohol as an anti-freeze agent 
entails extra weight. 

As illustrating, perhaps by an extreme case, the handicap on 
airship performance imposed by water-recovery apparatus, con- 
sider the case of a 6,500,000-cu ft airship equipped for a maximum 
endurance flight of six days’ duration in freezing temperatures. 
She will be forced to carry a weight of from 18 to 20 tons which 
could otherwise be devoted to useful fuel. This figure is made 
up as follows: 


Tons 

Water-recovery apparatus proper.............. 6.5 

Bags and piping for recovered water........... 1.5 

Anti-freeze materials. .... 02... 2.2.0... eee AL, 
Increased fuel consumption, due to increased 

drag caused by apparatus................... 4.5 

18.5 


This is a severe penalty and indicates the importance of finding 
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some other solution to the general problem of gaining weight 
during flight. Rain water can be easily captured if it is available. 
Water pick-up from the sea is another, and a very attractive, idea. 
The earliest water-recovery apparatus was a bucket thrown over 
the side. One of the most promising ideas is to place a quantity 
of cheap, readily available, hydrogen inside a mantle of helium 
and to valve out this hydrogen as the airship burns fuel and hence 
becomes lighter. A variation of this would be to burn some or all 
of the hydrogen instead of throwing it away. Still another solu- 
tion, and a good one, is to use as fuel a gas having a density nearly 
that of air, so that burning fuel causes very little change in 
equilibrium. This type of fuel is now employed by the Graf 
Zeppelin. It is used there primarily because fuel gas having a 
high Btu value per pound is advantageous as a fuel and not espe- 
cially because it avoids the necessity for valving out large quanti- 
ties of lifting gas to maintain equilibrium as flight progresses. 

Another attractive idea for accumulating weight during flight is 
to recover moisture from the air, instead of from exhaust gases, 
and to do this by means of some hygroscopic substance from 
which the moisture can later be extracted by the application of 
heat, so as to allow the complete cycle to be carried out on board 
the airship. Several substances are available for consideration, 
but as yet none has been found that offers a definite solution with- 
in a reasonable weight. 


ENGINE AND Powrr-PLANT IMPROVEMENTS 


The most potent effect on the performance of future airships 
will come through improvements in engines, engine installations, 
and general power-plant arrangements. At present these items 
represent about 20 to 25 per cent of the dead weight of the air- 
ship. Existing power-plant weights on airships are abnormally 
high, this being the price paid for reliability and the result of a 
number of circumstances, many of which are in process of being 
improved or corrected. 

Relatively scant attention has been paid to the development of 
engines, propellers, and other power-plant appliances suited to the 
special requirements of airships. This situation seems ail the 
more peculiar when it is realized that an airship is really an ex- 
cellent flying laboratory for the general study of engine and pro- 
peller performance. With the exception of high altitude and very 
high speed conditions, an airship is capable of providing all power- 
plant conditions that are essential to an airplane or an airship and 
to do this under conditions that permit almost complete accessi- 
bility for adjustments, minor repairs, taking measurements or 
readings, andsoon. Given time and more airships in operation, 
we should accumulate a mass of precise data on power-plant per- 
formance, and with the analysis of these data there should be 
opened up avenues for improvements. 

It is to be hoped that eventually there will become available 
engine units satisfactory as to type and of a size ample to fit the 
requirements of a particular airship design. Airship sizes have 
increased far more rapidly than have the sizes of engines suitable 
for airship purposes. As a result, airship designers have been 
forced to such expedients as gearing two engines to a single pro- 
peller or providing an excessively large number of power-plant 
units. 


Low Speciric Furr Consumprion 


But aside from the weight of the engines themselves, low spe- 
cific fuel consumption is of great importance, since the fuel load 
is by far the largest single item comprised in useful load and even 
a fractional saving in specific fuel consumption mounts into a siz- 
able figure for long voyages. 

Considering the requirements of long cruising periods and the 
necessity for reversing the direction of propeller thrust, and also 
the desirability of securing thrust in vertical directions, an airship 


_ power plant compares more nearly to that of a surface vessel 
than to the rather simple unidirection installations on airplanes. 
There is no fundamental reason why air-cooled engines cannot 

be employed for airships, especially to give that extra boost in 

_ power necessary to attain the highest speeds. A combination of 

a small number of air-cooled engines with liquid-cooled engines 

which are used at nearly full power for normal cruising has a 

number of advantages. Their relatively high fuel consumption 

would be an argument against a complete outfit of air-cooled 

s, engines. Arrangements for reversing and tilting propellers with 

air-cooled engines would be somewhat cumbersome, but might be 

made. An arrangement for mounting air-cooled engines on re- 
tractable brackets has been seriously considered and could be 
made practical. 

Despite very serious efforts and the expenditure of large sums of 
~ money, there is not in existence today a light-weight, compression- 
ignition, oil-burning engine that is really satisfactory for airship 
- purposes, although there are several promising entries in the 
field. Such an engine is desired because of the decreased fire 
hazard which will result from using oil as fuel and the anticipated 
_ low specific fuel consumption. If a saving over gasoline of 25 

_ per cent can be realized, it will amount to four or five tons for an 
average flight of 50 hours’ duration. 

Adequate water recovery from exhaust gas appears impracti- 
cable with Diesel fuels because of the somewhat low hydrogen con- 

) tent of the fuel and still more because of the large excess of air 
over the theoretical requirements for combustion. When Diesel 
fuels are actually in use, airships will probably have to find some 
new solution to the weight accumulation problem or else be con- 
tent with a rather heavy, low-efficiency water-recovery apparatus 
that yields only from 40 to 60 per cent instead of from 90 to 100 
per cent in recovered weight. 

There has recently been much intensive work done in the de- 
velopment and application of hydrogenated gasolines or so-called 
“safety fuels” for airship purposes. The use of fuels of this class 
holds promise of great benefit to airships. Successful operation 
with safety fuels appears at the moment to be nearer realization 
than successful operation with Diesel fuels. The most promis- 
ing of the “safety fuels” from an airship standpoint have a flash 
point of about 130 F and cannot be used with present carburetors. 
They must be injected by means of a pump. Tests made with 
such fuels in existing engines indicate that their use will entail 
no loss in power, but fuel consumption may increase by a few 
per cent. The use of such fuels would result in a considerable 
reduction in the fire hazard which is present when gasoline is used. 
Despite their hydrogen content, these “‘safety fuels” are not well 

adapted to water recovery, but it does appear that they are better 

adapted to water recovery than Diesel oils and that a recovery of 
from 60 to 80 per cent might be realized from them under opti- 
mum conditions. 

The German solution to the airship fuel question is in many 
ways ideal, but it unquestionably entails some increased risk over 
the use of Diesel oils or safety gasolines. This solution is to carry 
at atmospheric pressure a quantity of hydrocarbon gas having a 
density approximately equal to that of air and to burn this gase- 
ous fuel in ordinary engines through the employment of a special 
type carburetor or mixing chamber. A small quantity of benzol- 
gasoline is carried for use under certain conditions. The fuel 
gas serves neither as lifting gas nor as ballast and its consumption 
therefore does not involve much alteration in the airship’s 
balance between buoyancy and weight. Furthermore, the Btu 
value per pound is high. The whole arrangement results in an 
important gain in cruising range for the fuel-gas airship. This 
increase may be as much as 40 per cent more than the range of 
an airship using helium as the lifting gas and gasoline as fuel. 
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For an airship carrying hydrogen in any form—for lifting pur- 
poses, or in ballonets as dischargeable ‘‘negative ballast’’—the 
idea occurs, ‘‘Why not burn this hydrogen as fuel instead of 
merely exhausting it to the atmosphere?” A number of years 
ago before helium was available, serious efforts were devoted 
to using hydrogen as a fuel. A small Navy airship was 
equipped with hydrogen carburetors and made a successful flight 
from New York to Newfoundland, burning hydrogen and gasoline 
alternately. Recently, laboratory work by the National Ad- 
visory Committee for Aeronautics has shown that hydrogen can 
be burned with high thermal efficiency and without the risk of 
backfiring that handicapped some of the earlier work along simi- 
lar lines. The thermal efficiency of an engine running part on 
hydrogen and part on oil is less at low loads than that of a pure 
Diesel engine, but at high loads the efficiency is greater. It is 
believed conservative to estimate that with a Diesel-engine- 
hydrogen-ballonet installation, and with water-recovery ap- 
paratus eliminated, a gain of from 15 to 20 per cent in range can 
be realized through burning the hydrogen in conjunction with 
the fuel oil instead of wasting the hydrogen by valving to the 
atmosphere. The question of what added risk is involved 
through burning the hydrogen would have to be judged on the 
basis of final arrangements for conducting the hydrogen to the 
engines. 

A recent suggestion has been made that liquid hydrogen for 
fuel be carried in insulated spherical metal containers surrounded 
by helium. The hydrogen would be allowed to boil off as a 
vapor and be conducted to the engines. The mechanical features 
of the installation would not prove insurmountable or excessive 
as to weight, but questions of control of gas flow and safety as well 
as of the practical availability of liquid hydrogen, require investi- 
gation. The cruising range of such an airship would be nearly 
twice that of our present gasoline-burning airships. Water- 
recovery problems would be very much simplified. 


Fire Hazarps 


Lest it be considered that the question of fire hazard has been 
over-emphasized in this discussion, it should be pointed out that 
there is a fire hazard in any craft that carries gasoline, either in 
bulk or asfuel. The fire hazard in airships on account of gasoline 
is not considered to be any greater than that existing in airplanes 
or motor boats. The question of fire hazard from hydrogen and 
from fuel gas is another matter, but here again the actual risk, 
assuming that the hydrogen purity is always well above the ex- 
plosive range, is considered to be far less than is popularly be- 
lieved. Perfection of interior mechanical arrangements and 
prudent operation of the airship and all her appliances are the 
greatest factors in reducing and eliminating fire hazards from 
whatever source, and all airship installations are very carefully 
worked out to eliminate these hazards. 

From the foregoing general and perhaps superficial discussion, 
it will be apparent that the performance of future airships is 
going to be very materially affected by the fuel adopted for use in 
their engines. There are several fuels which might be used—gaso- 
line, “safety gasolines,” Diesel oils, fuel gas, hydrogen gas, liquid 
hydrogen. Each fuel will have its own peculiar effects on interior 
arrangements and may even influence noticeably the method of 
operation of the airship. A designer must trace the influence 
of possible fuels through all of their ramifications, and his choice, 
as usual, will have to be a compromise. The final comparison of 
the weight efficiency and performance of various alternative 
power-plant combinations and arrangements should be made on 
the basis of their performance over a considerable number of 
hours—say not less than 50 hr—since this figure respresents the 
average length of voyage for a modern airship. 
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~ The Application of the Hardy Cross Method 
of Moment Distribution 


By H. A. WILLIAMS,! STANFORD UNIVERSITY P. O., CALIF. 


This paper presents the basic principles of the Hardy 
Cross method of analyzing continuous frames by dis- 
tributing fixed-end moments and illustrates the appli- 
cation of the method to various types of structures, in- 
cluding an elevator spar with supports ona line, the same 
spar with deflected supports, and an airplane fuselage 
truss with loads between panel points. 


been searching for a simple method 

of determining stresses in statically 
indeterminate structures. The Maxwell- 
Mohr, least-work, and _ slope-deflection 
methods have been employed to a large 
extent, but the laborious computations 
involved, together with the tendency for 
small errors to accumulate, have dis- 
couraged their use. 

In May, 1930, Prof. Hardy Cross, of the 
University of Illinois, presented in the 
Proceedings of the American Society of Civil Engineers a paper 
entitled, ‘Analysis of Continuous Frames by Distributing Fixed 
End Moments.”? The method proper was one of successive 
approximation involving only the simplest arithmetic and 
eliminating the use of simultaneous equations. The widespread 
discussion which followed would seem ample proof of the pro- 
fession’s interest in this method. Professor Cross purposely 
limited his paper to definitions and to a brief illustration and 
discussion of the application of the method to one type of frame. 
He also suggested other possible applications, many of which 
have been covered in subsequent discussion. 

Due to the brevity of the original paper, it seems desirable that 
a more detailed presentation be made in which emphasis should 
be placed on the correlation between moment distribution and 
the physical action of a structure. The writer has attempted to 
accomplish this by simple illustrations, while explaining the 
basic principles. 

Only a few practical applications to aeronautical problems 
have been given in this paper. But it is felt that familiarity with 
the basic principles should enable the airplane designer to apply 
the method to his special problems without difficulty. 

The author is very much indebted to Prof. A. S. Niles for the 


| NOR years, structural engineers have 


1 Department of Civil Engineering, Stanford University. Mr. 
Williams was graduated from Stanford University in 1925, and then 
entered the employ of the Standard Oil Company of California as 
draftsman and structural designer, where he remained until 1930. He 
then returned to Stanford as a graduate student and teaching assistant 
in civil engineering. Since 1931 he has been an instructor. Mr. 
Williams received his engineer’s degree from Stanford, specializing 
in structural engineering. 

2 Since published, with all discussion, in Trans. Am.Soc.C.E., 
vol. 96, 1932, p. lL. 

Contributed by the Aeronautic Division of THe American So- 
ciety or MrcuanicaL ENGINEERS and presented at the Pacific 
Coast Aeronautic Meeting, University of California, Berkeley, Calif., 
June 9-10, 1932. 

Notrr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


criticisms and suggestions that he has given. 
of the paper have been instigated by him. 


Numerous features 


DEFINITIONS 


In order to clarify the immediate discussion of the Hardy 
Cross method, the sign conventions and four terms will be de- 
fined as follows: 

(1) Fixed-end moment is the moment which would exist at the 
ends of a loaded member if those ends were held rigidly against 
rotation. This is in accord with the ordinary usage for beams 
ending in heavy walls. 

(2) Unbalanced moment is numerically equal to the algebraic 
sum of all moments at a joint. The joint is balanced when the 
sum of the moments equals zero. 

(3) Stiffness as herein used ‘‘is the moment at one end of a 
member (which is on unyielding supports at both ends) necessary 
to produce unit rotation of that end when the other end is fixed.’’ 
For a straight beam of constant section, the stiffness is propor- 
tional to the moment of inertia divided by the span length— 
ie., the usual K = J/L used in the slope deflection method. Of 
course, the relative rather than the actual values of K can be 
used in computations. 

(4) Carry-over factors result from the fact that if a beam simply 
supported at one end and fixed at the other is acted on by a bend- 
ing moment at the simply supported end, a certain moment is 
induced at or “carried over’’ to the fixed end. The ratio of the 
moment at the fixed end to the bending moment at the simply 
supported end is called the “‘carry-over factor.” It is + 1/2 for 
straight beams of constant section.> 

(5) The sign conventions used in this paper are as follows: 
A clockwise moment couple acting on the end of a member is 
positive; a counter-clockwise moment couple is negative. If, 
at a joint, the tangent to the elastic curve of a member rotates 
through a clockwise angle, the rotation is positive. Hence, a 
positive moment acting on the end of a member causes a positive 
rotation.® 


Basic PRINCIPLES 


It will be recalled that, in the analysis of statically indetermi- 
nate structures, various temporary expedients are resorted to in 
order to obtain the moments and stresses in the members. Re- 
dundant members are assumed to be cut or a fixed or partially 
restrained joint is taken as hinged, and the resulting statically 
determinate structure is analyzed for this condition. Then 
certain external forces or moments are assumed to come into 


3 See Appendix B for fixed-end moments for beams with various 
types of loading. 

4 Quoted from Hardy Cross paper. 
vol. 96, 1932, p. 2. 

5 See footnote 10. 

6 The sign conventions adopted here are the same as those used 
by Messrs. Wilson, Richart, and Weiss in ‘‘Statically Indeterminate 
Structures,” Bulletin 108, University of Illinois, Engineering Experi- 
ment Station. They also are used by Sutherland and Bowman in 
their text, “Structural Theory.”’ Note that these sign conventions 
bear no relation to the signs used in ordinary design, and hence are 
not the same as those used in the original paper by Hardy Cross. 
See Appendix A for more extensive definitions of sign conventions. 
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action and draw the cut member together or return the hinged 
joint to the restrained condition, and the same statically deter- 
minate structure is separately analyzed for the effects of the 
latter forces or moments. The principle of superposition’ is 
assumed to apply, and results of the separate analyses are 
added algebraically to determine the final stresses. The pro- 
cedure involves the application to the structure of certain arbi- 
trary restraining forces or moments. These forces or moments 
are later removed, leaving the frame acted on by the original 
loads. The arbitrary restraints can be removed and re-applied 
any number of times as long as in the end the true force system 
prevails. 

Consider, for illustration, a simple beam uniformly loaded. 
By fixing or restraining the ends, which are normally free to 
rotate, we can prevent the beam from sagging as far as it ordi- 
narily would when similarly loaded and resting on knife-edged 
supports. If we now release the restraint at one end only, 
further deflection will take place; and the subsequent removal of 
the restraint at the other end will allow the beam to sag to its 
final position. In this case only two steps are involved. How- 
ever, by alternately releasing and fixing the ends, the beam could 
have been lowered to its final position in as many stages as was 
desired. Each stage would have resulted in certain changes in 
the end moments of the beam. By the principle of superposi- 
tion, the effects of all of these separate changes could be added 
algebraically to determine the final moments. Obviously, this 
summation would be zero for the end moments of this particular 
structure. oad 


ILLUSTRATION, SIMPLE BEAM OF ONE SPAN 


Suppose, in order to make the foregoing example more spe- 
cific, we follow through in detail the steps suggested, using 
Figs. 1 to 9 to help in visualizing the physical action which takes 
place. 

(1) Fig. 1: We have the simple beam AB resting on unyield- 
ing knife-edged supports. The uniformly distributed load has 
not yet been applied. 

(2) Fig. 2: It is assumed that before the load is applied, the 
ends are fixed by casting a heavy imaginary wall around the 
beam at each end. 

(3) Fig. 3: The load is assumed to be applied. By well- 
known methods,* the end moments are found to be —WL/12 
at A and +WL/12 at B as shown. By definition, these are 
“‘fixed-end moments.” 

(4) Fig. 4: The restraint at A is removed. As a result: 
(a) The moment of —WL/12 at A is entirely released. This 
effect is the same as though a new external moment of +WL/12 
had been exerted at A. Hence, adding +WL/12 to the previous 
—WHL/12 gives zero, the new moment at A. (6) It is obvious 
from the figure that the action of the external moment (+WL/12) 
at A caused additional strain or moment to be set up at B, the 
far end of the beam. This is the “carry-over” moment from A 
to B. It is equal to +1/2 X +WL/12 = +WL/24.. The net 
moment at Bis now + WL/8, as would be expected.!! 


7 The principle of superposition states that the total effect of a 
number of loads on a structure is the same as the sum of the effects 
of each load when separately applied. It is only approximately 
true for combined bending and compression. 

§ Since we are concerned only with moments at this time, no shears 
or support reactions will be shown in Figs. 1 to 9. 

* That is, by theorem of three moments, moment areas, or slope 
deflection. Moments for fixed-ended beams of one span can also 
be found in any handbook. 

10 The ratio +1/2 is the carry-over factor for a straight beam of 
constant section. See Appendix B for derivation. 

1 The foregoing moments for a beam fixed at one end and hinged 
at the other can be checked from any handbook. 
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(5) Fig. 5: Joint A! is assumed fixed in its new position. 

(6) Fig. 6: Joint B is released; i.e., an external moment of 
—WL/8 is applied, thus canceling the previously existing mo- 
ment of +WL/8. The beam sags still further and sets up a strain 
at the fixed end A. That is, a moment of +1/. X —WL/8 = 
—WHL/16 is carried over to A and added to the existing moment, 
which is zero. 

(7) Fig. 7: Joint B is again fixed. 

(8) Fig. 8: Joint A is released, leaving zero moment at A 
and a carry-over moment of +WL/32 at B. 

(9) Fig. 9: If we now decide arbitrarily to release B without 
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12 In this paper, the term ‘“‘joint” will be used not only to describe 
the point of intersection of the axes of two or more members as in a 
truss, but also to refer to the intersection of the axis of a beam and the 
center line of a support. 
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first fixing A, as was previously done, we can do so, and the beam 
reaches its final sag with zero moment at each end. 

Inspection shows that each step brought us closer to the true 
condition for the loaded beam. Each time a moment was added 
due to a change in position of the beam, the added value was 
smaller than before, since the carry-over factor was +1/2. The 
principle of superposition was applied at each step in that the 
new moment was added to the existing moment before proceeding 
to the next step. 

The foregoing example is of course extremely simple. Since 
the beam is of one span only and the ends are both hinged, it 
can be allowed to deflect to its final position at any time by simply 
releasing all restraining moments and allowing both end moments 
to become zero. However, this can be done only because both 
ends actually are hinged and we know that the final end moments 
must equal zero. In even a slightly more complicated structure, 
such as a continuous beam on three supports, the situation is 
different. Certain moments will exist at the interior ends of the 
spans when the structure reaches its final state of equilibrium. 
The magnitudes of these moments are unknown asarule. Hence, 
the moment over the middle support resulting from releasing both 
end joints at once will not equal the actual final moment except 
by coincidence. 


ILLUSTRATION, ConTINUOUS BEAM 


Let us now follow through the analysis, in the same general 
manner as before, of the continuous beam shown in Fig. 10. 
The cross-section is constant throughout, and all spans are of 
equal length. The supports are assumed as unyielding. The 
only external force is the load P on the end of the overhang. 
Moments are designated in the usual fashion. Mas is the 
moment in beam AB at end A; Moa is the moment in beam AB 
at end B. 

Assume that, before the load P is applied, all joints are fixed 
against rotation. This fixity can be thought of as being effected 
by casting a heavy wall around the beam at each support. Under 
these circumstances, the only immediate result of applying the 
load P is that a fixed-end moment (Mao = +1000 ft-lb) is set 
up in the cantilever. All other moments equal zero. From this 
point, the procedure is as follows: 

(1) Balance joint A: Suppose joint A is now released; i.e., 
the wall is assumed replaced by a knife-edged support. If 
=M = Ma + Mas = 0, the joint would be in equilibrium and 
no rotation would take place. However, 27M = +1000 + 0 
= +1000, which means that an unbalanced moment of +1000 
exists at the joint for an instant after the wall is removed. 
While the joint was fixed, this moment was resisted by the wall. 
After release, it must obviously be resisted by an equal and 
opposite moment in the beam. Hence, the release and subse- 
quent rotation of the joint causes no change in Mao, but adds 
a —1000 to Ma. This value is written as shown in Fig. 12. 
Joint A is now said to be balanced, since 2M = 0. 

(2) Carry-over moment to joint B: The balancing of joint 
A actually amounted to applying a moment of —1000 to end A 
of beam AB. This —1000 deflected the center of the beam up- 
ward (Fig. 12) and also caused a moment to be “induced at”’ 
or “carried over’ to Mia, since joint B was fixed against rota- 
tion. This moment change at Mic is equal to +1/2 X —1000 
= —500. 

(3) ‘Joint A is assumed fixed in its new position. 

(4) Balance joint B: It will be noticed that this joint differs 
from any encountered so far in that its rotation affects and is 
affected by a beam on each side. The instant after joint B is 
released, the unbalanced moment is Mia + Mic = —8500. 
In order that the moments on each side of the joint will be equal 
and opposite, the equilibrant of the unbalanced moment of 
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—500 must be distributed to each beam so that the equation 
=M = 0 is satisfied. That is, the joint rotates clockwise, re- 
lieving Ms. of some moment and adding an equal amount to 
Mic.12 If Moa is relieved by +250 and the same amount is 
added to M3-: 


Mea = —500 + 250 = —250 


13 This is true only when J/L is the same for the member on each 
side of the joint. Also, one-half is given to each member only when 
there are but two members coming into the joint. For further de- 
velopment and discussion of balancing moments at joints, see under 
heading, ‘‘Effect of Rigidity on Distribution of Moments at a Joint.”’ 
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Ms = 0 + 250 
=M, = 0 

Hence, the equation of equilibrium for the joint is satisfied by 
distributing a moment equal to one-half the unbalanced moment 
and of opposite sign to the member on each side of the joint. 
In this case, the changes in Mya and M>- are recorded as shown 
in Fig. 13; but at this time the new values will not be added 
to the moments (Mie = —500 and Mo. = 0) already existing. 

(5) Carry-over moment to joints A and C: The balancing 
of joint B amounted to applying new moments of +250 at 
Mes. and Mz. Hence, a moment of +1/2 X 250 = +125 
must be carried over from Mia to Mas and from M2. to Mos. 

(6) Joint B is assumed fixed in its new position. 

(7) Balance joint C: The unbalanced moment at this joint 
is +125. The procedure of releasing and balancing is the same 
as for joint B in step (4). The results are shown in Fig. 14. 

(8) Carry-over moment to joints B and D: Procedure same 
as in step (5). Carry-over moments are —31.25 to Me. and 
—31.25 to Ma, as shown in Fig. 14. 

(9) Joint C is assumed fixed in its new position. 

(10) Balance joint D: This joint is actually fixed and cannot 
be released. Hence there is no unbalanced moment to be dis- 
tributed and the carry-over moment to Mca = 0. 

We have now completed one cycle and can return to joint A 
and follow through the same procedure from A to D again. It 
will be noticed that, when the joints are now released, the un- 
balanced moments are the algebraic sum of the carry-over 
moments from the preceding cycle. That is, the unbalanced 
moment at A (Fig. 15) is the +125 carried over when joint B 
was balanced in Fig. 13. The unbalanced moment at B (Fig. 
16) is the algebraic sum of —381.25 carried over when joint C 
was balanced in Fig. 14, and —62.50 carried over when joint A 
was balanced in Fig. 15. The total is —93.75. To balance the 
joint, a +46.875 must be distributed to each member. 

In this example, the computations are carried through three 
cycles. In each step, only the moments resulting from that 
particular change are recorded. The final moment at any 
joint must equal the fixed-end moment with which we started, 
increased or decreased by the various moment increments re- 
sulting from the separate steps. The totals are as shown in 
Fig. 18. Further cycles would bring the moments on either side 
of a support into closer agreement. Inspection of the results 
indicates that it is not necessary to follow the exact procedure 
used. It is more practical to use the method and form of com- 
puting shown in Fig. 19. The fixed-end moments are first 
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written for all joints—step (a) in the figure. As previously 
explained, all fixed-end moments are zero in this case, except on 
the cantilever. Joint A is then balanced and a —1000 distributed 


to the right of the support and zero to the left—step (6). The 
carry-over moment to B is not recorded at this time. Joints 
B, C, and D are balanced next, thus completing step (0). Since 


the fixed-end moments at these joints are equal to zero there is 
nothing to distribute. A line is drawn under the value obtained 
from step (b). These lines do not necessarily signify an 
addition; they are merely convenient marks to indicate that the 
joint is in balance. At this stage the sum of the moments on 
either side of a joint should equal zero since the carry-over mo- 
ments have not yet been computed. The carry-over moments re- 
sulting from step (b) are now computed for all joints, and the 
values are recorded under the lines—step (c). After this step, cer- 
tain joints are out of balance, so step (b) is repeated and the 
second set of lines drawn. Thus steps (c) and (6) are repeated 
as many times as desired. In the illustration, the computations 
are carried through six cycles before the columns are added to 
obtain the total moments—step (¢). A simplified attack involy- 
ing fewer computations for this type of problem will be illus- 
trated later. 

The reader might at this point question the correctness of 
computing the total moments after balancing joints rather than 
after recording carry-over moments. While the latter way would 
be more nearly correct, the quantities involved are small in any 
event. The method used in the illustration has the advantage 
that an exact check can be obtained; i.e., the sum of the moments 
on each side of a joint equals zero. This check obviously does 
not apply to joint D. 

The foregoing examples illustrate the application of the Hardy 
Cross method to very elementary structures. To summarize: 
A structure is taken without any external loading; all joints, 
including those normally free to rotate, are assumed as fixed 
against rotation; the external loads are then applied, and the 
resulting fixed-end moments are computed by well-known 
methods. In succession, each joint is released, allowed to rotate 
as far as it can, and then fixed again in its new position. This 
rotation allows the moments to balance at the joint which is 
released, but further adds to the unbalance of the joint at the 
far end of each rotated member. It is analogous to making 
several adjustments to a machine where a change in any one 
adjustment throws the others out again. The closer the struc- 
ture gets to its final deformed state, the smaller the rotations and, 
hence, the smaller the carry-over moments causing unbalance at 
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adjacent joints. The general method is one of assuming the 
structure to deflect to its natural loaded position through a series 
of steps. Each step is paralleled by a computation of the 
moments needed to balance the joints released and the resulting 
carry-over moments imposed on adjacent joints. The moment 
changes at each step are evaluated before proceeding to the next 
step. By the principle of superposition, the results of the various 
steps are added algebraically to determine the final moments. 
The accuracy of these final moments depends on the number of 
steps or cycles used in the computations. 

The general physical action upon which the Hardy Cross 
method depends is aptly illustrated by a building frame as shown 
in Fig. 20. All joints of the frame are free to rotate if desired, 
but it is assumed that they are fixed as far as translation in any 
direction is concerned. Suppose a moment acts on joint 1 when 
all other joints are assumed as fixed against rotation as well as 
lateral movement. As a result, certain fixed-end moments are 
set up at 2, 3, 4, and 5 due to the carry over from joint 1. These 
carry-over moments will be unbalanced moments at the instant 
these joints are released. If all joints except 2 are now fixed, 
and joint 2 is released to that 2M, = 0, this release will in turn 
cause a further spread of moment, not only to new joints, but also 
back to joint 1. The same effect will result from releasing joints 
3,4,and 5inturn. It will be noticed that the releasing of joints 
2, 3, 4, and 5 affects some joints in common (Fig. 21). 

If joint 10 (Fig. 22) is now released, joints 2 and 3 are affected, 
as well as some new joints. Hence, it might be said that as the 
wave spreads out from the origin, it not only affects new joints in 
its path, but it also affects the joints in its wake. As it recedes 
from the point of origin, its intensity decreases until it ‘‘dies out.” 
A new wave of less intensity now moves out from the origin, 
leaving still smaller moments in its wake. Successive waves 
grow smaller until their effect is practically negligible. 


Errect or Rigipiry or MEMBERS ON Joint RotTaTIon 


It has been stated under “Definitions” that the stiffness or 
rigidity of a straight beam of constant section is proportional to 
the moment of inertia divided by the span length. That is, the 
value of K = J/L is an index of rigidity. 

It will be recalled that the continuous beam used for illustra- 
tion, was of constant section and that the spans were of equal 
length. Hence the value of K was the same for all members. 
Also, in balancing joint B (see item 4 under heading ‘‘Illustra- 
tion, Continuous Beam’’) it was stated that the equation of 
equilibrium for the joint was satisfied by distributing a moment 
equal to minus one-half the unbalanced moment to the member 
on each side of the joint. However, it should be observed that 
this was true only because the beams on either side of joint B 
were equally stiff. Since Kia = Koc, the distribution was ac- 


Koa Koa 
tually in the ratio of Roan Mu = en M. = 4Mu, 
where M, is the unbalanced moment. If Kia = 2 and 
Kve = 3, the amount distributed to Ms. and Me. would be 

2 2 3 


243.5 an 243 = 4 respectively. That is, the distribu- 
tion of the unbalanced moment to the members was in propor- 
tion to their relative rigidities. 

The physical effect of relative rigidity can best be seen by 
following through-the various steps illustrated in Figs. 23 to 28. 

Fig. 23 shows a two-span continuous beam with a load P on 
one span, a knife-edged support at B, and fixed at ends A and C. 
The knife-edge is assumed to have no restraining effect on joint 
B so far as rotation is concerned. Suppose joint B is assumed 
fixed while the load P is being applied and is then released— 
the usual procedure in the Hardy Cross method. If, as in Fig. 
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24, beam BC is infinitely stiff compared to beam AB, obviously 
there will be no rotation at joint B when the fixity is removed 
and the moment Ma will be the same as the original fixed-end 


Fie. 20 
(First stage, joint 1 rotates.) 


Fig. 21 
(Second stage, joint 1 fixed, joints 2 to 5 rotate.) 


Fie. 22 
(Third stage, joints 1 to 5 fixed, joints 6 to 12 rotate.) 


moment. If, as in Fig. 25, beam BC is less rigid but still rela- 
tively stiff as compared to AB, some rotation of B will take 
place upon release and the resulting moment Ms. will be less 
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than the original fixed-end moment. Figs. 26 and 27 show the 
effect of further reduction in the stiffness of beam BC. If, as 
in Fig. 28, beam BC ceases to exist or is of infinitely small cross- 
section, joint B can rotate until Mza = 0. Hence, it is seen 
that the rotation of a joint is largely dependent on the relative 
rigidities of the members common to the joint. 


Errsct or Riemiry on DistTRIBUTION OF MomENTS AT A Joint 


Letus now take the same beam as was used in Fig. 23, designate 
the moment of inertia and span length as shown in Fig. 29, and 
apply the first step of the Hardy Cross method—fix joint B 
and apply the load P. Asa result Ms. = 0; but Moa is a fixed- 
end moment depending on the load and span length. This 
fixed-end moment is held in equilibrium by the clockwise couple 
exerted by the hypothetical wall at B. Let us call this +My. 
If the wall is suddenly replaced by the knife-edged support, the 
moment +M.z is momentarily unbalanced until it is removed. 
Removing a moment is the same as applying an equal and op- 
posite moment. Hence, it can be considered that the unbalanced 
moment +Mz is removed by the application of an equal and op- 
posite moment —M,. This moment rotates the tangent to the 
elastic curve of the beam through the angle 01a = Orc (Fig. 30) 
and causes corresponding changes in the beam moments. Let us 
call the moment changes due to the rotation M'sa and Mt. 
From the moment area or elastic-weights method of determining 
moments:! O54 = M'al,/4E1, = M'rcln/4EI, = 0, or, since 


14 See Appendix B. “ 


E is a constant, if both spans are of the same material, and if we 
let T,/Ly = Ky, and T/L = Ke: 


M've/Ky = M’s-/ Ko ove raeutt o: le cariettay-a Se). eirel eke {1] 


Fie. 32 


So as to have equilibrium at the joint after rotation (Fig. 31): 
M'va + M're = —M, aie) ais © oa) sel ece 815 ers [2h 


Therefore, from Equations [1] and [2]: 


M'vo = —Mu X K,/(K; + Kz) = —Mu X K,/2K 
M'v ad —M, x K2/(Ky + Ko) = —Myu X K./=K 
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Attention is again called to the fact that M’s. and M’bte are Mrao = —Mre = 1.82 X 5 X 10/3 = 22 
only the moments due to the rotation of joint B after the fixity 1.32(45)2 0.96(45)? : 
is removed. The actual total moments in the two members are pas Mire 12 Dein. ges 
found by adding the moments M’ta and M's algebraically to 
the original fixed-end moments Mota and Mz, respectively. Similarly: 
J In so many words, the foregoing equations tell us that when a Mp a 
joint is released, a moment equal and opposite to the unbalanced x Pere 
etn gi 3 —Mroe = +Mra = 450 
moment is distributed to the members common to the particular Wipes PEM a 2 489 


joint in proportion to their rigidities. If the unbalanced moment 
is positive, the moments distributed will be negative, and vice 
versa. 

If there are more than two members common to the joint 
released (Fig. 32), the rule still holds. That is: 


M'ta = 
—M, x Ka/(Ka + Kp + Ke + Ka) = —M. x Ka/ZK 


APPLICATION OF Harpy Cross MrtrHop To AN ELEVATOR 
SPAR 


Fig. 34 shows the vertical-load curve for an elevator spar.'® 
The spar will first be considered as a symmetrical continuous 
beam with fivesupports. A simplified attack will then be shown. 

If a 1!/,in. by 0.035-in. Dural tube is used, the moment of 
inertia is 0.02467 throughout, and the value of K will be the same 
for all spans except the overhangs, where it will be zero. Hence, 
a relative value of K = 1 is used. 

All joints are assumed fixed against rotation, and the fixed- 
end moments are calculated :1¢ 


18 The author is indebted to Mr. Ben W. James, of Stanford 
University, for the numerical data used in this illustration. 

16 The expressions for determining fixed-end moments can be de- 
rived by moment areas or slope deflection as shown in Appendix B. 
Values for various types of loadings are given in Fig. 41. 


These quantities are recorded as shown on Fig. 35, step (f). 
In accordance with the conventions given under “Definitions,” 
clockwise-resisting moment couples are positive, counter-clock- 
wise couples are negative. The subsequent procedure is as 


follows: 
Joint A: The instant after this joint is released, the summa- 
tion of moments around the joint is +22 — 288 = —266. To 


make the joint balance, a moment of +266 must be distributed 
to the two members in proportion to their rigidities (see heading, 
“Effect of Rigidity on Distribution of Moments at a Joint’). 


0 1 
Hence, distribute to AO, a >< -2660—) 0s tort Bi — 


+1 0+1 
+266 = +266. These quantities are recorded as shown 
(step b) and a line is drawn under each to indicate that the joint 
is now in balance, i.e., [Ma =0. Asstated before, this line does 
not indicate an addition. 

Joint B: The instant after this joint is released, the un- 
balanced moment is +320 — 450 = —130. The subsequent 
rotation will be the same as if a +130 acted on the joint. Hence, 
distribute 1/(1 + 1) X +130 = +65 to BA and the same to 
BC. 

Joint C: There is no unbalanced moment at this joint because 


of symmetry. 
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Joints D and HZ: Balance and record in the same way as for 
joints B and A, respectively. Note that the signs are reversed 
on this side. 

All joints are now in balance. Since the balancing actually 
consisted in allowing one joint at a time to rotate while all others 
were fixed, the resulting carry-over moments must now be com- 
puted as indicated in step (c). As has been previously shown, 
the carry-over moment at one end of the member is the distri- 
buted moment just determined at the opposite end multiplied 
ygrigt/2- 

The moments just carried over throw the joints out of balance 
again. These new moments must be distributed in the same way 
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cal action of the beam when A is released while B is assumed 
fixed. Now balance joint B. The unbalanced moment is -+-320 
+ 133 — 450 = +3. Therefore, distribute —3 as shown, 3/7 
to BA and 4/7 to BC, and at once record the corresponding 
carry-over moment at C. 

There will be no carry-over to A, since this joint was free to 
rotate. It will be noticed that the solution is completed, since C 
need not be released. 

This procedure can be followed with more complicated struc- 
tures even when symmetry and freely supported joints are not 
involved. 

In most structures, there will be certain joints with a larger 


Dural Tube a’. 3s. 


Fie, 34 
A B Cc D E 
K=O K=l1 K it K=-1 K-11 K=O 
EE ee a ee Gs ae eee 
+22] -288 +320 | -450 +482] -482 +450 -320 +288] -22(f) 
0| +266 + 65/+ 65 0 0 - 65|- 65 -266| 0(d) 
0l+ 33 +133 0 + 33/- 33 0| -133 - 33/ O(c) 
Chi = =—- BHOHl= OH () () + 661+ 66 + Q(d) 
Vl = 33 = 17 ) - 33/+ 33 O|+ 17 + 33] O(c) 
0|+ 33 + 8/+ 8 0 0 - 8l- 8 - 33] O(>d) 
O|+ 4 +17/ 0 + 4|- 4 O|= 17 - 4! O(c) 
O|- 4 -_ 8/- 8 eh Lew 2) # b) +8 + 4! 0(d) 
+22|-22 +452] -451 +486 | -486 +451] -452 + 22| -22(t) 
Fia. 35 


as the fixed-end moments. In Fig. 35, the computations are 
carried through four cycles, after which a double line is drawn 
and the algebraic totals are written. 

Other quantities such as moments, shears, and reactions can 
be found now by the usual laws of statics. 


SoLuTion SIMPLIFIED 


The foregoing computations for the elevator spar can be 
greatly simplified. Because of symmetry, only one-half of the 
beam need be considered, as shown in Fig. 36. The center joint 
C can be assumed fixed, since we know it does not rotate on 
account of the symmetry of structure and loading. Joint A 
is freely supported and, once released, need not 
be fixed again. This necessitates the use of a 
value for Kap equal to 3/4, the true relative value. 
Hence, to simplify computations, Ki. is made 
equal to 4 and Ka» equal to 3.17 

Joint A is now balanced as before, and +133 
is immediately carried over to joint B. This 
procedure is more nearly in accord with the physi- 


17 Jt can be shown by slope deflection or moment 
areas that the moment needed to produce a given 
rotation at one end of a beam when the other end is 
free is three-fourths as great as if the other end is fixed. 


unbalanced moment than others. Where the unbalanced mo- 
ment is quite small, it is a waste of effort to balance the joint 
carefully, only to have this balance entirely disrupted later 
by a large carry-over moment from adjacent joints. Hence, 
more rapid convergence will be obtained if the highly un- 
balanced joints are first balanced and the resulting carry-over 
moments are recorded before proceeding to the better balanced 
joints. 18 


18 This method was proposed by L. E. Grinter in discussion of the 
Hardy Cross paper. See Trans. Am.Soc.C.E., vol. 96, 1933, p. 11. 


It is suggested that this method should not be used until complete 
familiarity with the ustal procedure is obtained. 


Center 
Line 
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AppiicaTion To Etrvator Sear Witn Deriecrep Supports 


The elevator spar of Fig. 34 is attached to the stabilizer. Let 
us suppose that it has been determined from computations or 
from tests that the supports at A, B, D, and E are deflected by 
known amounts with respect to C. The moments in the spar can 
be found by moment distribution as before, once the revised 
fixed-end moments are determined. 

It will be recalled that the first step in the Hardy Cross method 
is to assume all joints fixed and then apply the external loads. 
If this fixity is also assumed to take place before the joints are 
deflected, this deflection will set up fixed-end moments in any 
one span, as shown in Fig. 37. 


Fia. 38 


If the member AB is of constant cross-section, the point of 
contraflexure will be at the mid-point and each half can be 
treated as a cantilever beam with an end deflection of D/2. 

Then: 


D PL? _ ML 
2 3EIX8  12EI 


(L = total length of member) 


or: 


Let us suppose it has been found that A deflects downward 
1/g in. with respect to B, and B deflects the same with respect to 
C. The deflections of E and D are the same as A and B, respec- 
tively. For a 1!/,in. by 0.035-in. Dural tube, I = 0.02467 and 
E = 10,400,000. Then the foregoing formula gives the following 
fixed-end moments due to deflection of supports alone: 


Mao = 0 


6 X 10,400,000 x 0.02467 X 0.125 
45 x 45 


= 95 


Ma = 


and 
Mia = “Moe — Ma — 95 


The sign of this moment must be determined by inspection. 
If A deflects downward with respect to B, as in Fig. 37, obviously 
a positive clockwise moment at each end results. When these 
values are added algebraically to the fixed-end moments caused 
by the external loading (Fig. 35), the results are as shown in 
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Fig. 38, step (f). The succeeding steps in the solution are the 
same as for the example of Fig. 36. 


PracricaAL APPLICATION OF THE MetHop To A ConTINUOUS 
FRAME 

A more general use of the method will now be illustrated by 
determining the moments in the continuous frame shown in Fig. 
33. This is the same frame that Professor Cross used in his 
original paper. As he stated at that time, the illustration is 
entirely academic and is selected only because “it involves all 
of the conditions that can occur in a frame which is made up of 
straight members and in which the joints are not displaced.” 
In Fig. 33, the sign convention has been revised to agree with 
that defined at the beginning of this paper. Other minor changes 
from the original paper, suggested in the subsequent discussions, 
have been adopted where it was felt that the chance of error would 
be lessened. No attempt has been made to introduce short cuts 
in this solution. Joints # and F could obviously be treated like 
joint A in Fig. 36. 

The relative K = I/L value for each member is shown by the 
number in the circle near the middle of the span. The sum of 
the K’s for all members common to a joint is shown in the circle 
at the joint. 

It is assumed that all joints are fixed, and then the 
loads P, Q, R, S, T, W, and V are applied as shown. The 
resulting fixed-end moments are then determined and are 
recorded, as shown in the figure, parallel to the member con- 
cerned and followed by the letter (a) for reference. 

The unbalanced moment at all joints is first distributed, 
step (b). It will be noticed that the algebraic sum of the 
fixed-end moments at joint C is +30.0. This is the un- 
balanced moment the instant after the joint is released. The 
subsequent rotation will be the same as if a moment of —30.0 
acts on the joint. The distribution will be 4/12 to CB, 2/12 
to CF, 5/12 to CD, and 1/12 to CG, as shown. The sub- 
sequent procedure for this and other joints should be apparent 
in view of the previous illustrations. 

Only two cycles are used in this example. Further cycles 
will improve some of these results, especially at joint D. The 
probable effect of further computation can always be ascertained 
by inspection of the last set of carry-over moments. 


PracricaL AppiicaTion oF Harpy Cross Metuop To DssicNn 
or AIRPLANE FusELAGE TRUSS 


Fig. 39 shows the forward section of an airplane fuselage 
truss. Member 2U-4U has a concentrated load of 62 lb located 
13 in. from one end, due to instruments. Members 3L-4L and 
4L-5L are subjected to a uniform floor load in addition to con- 
centrated loads between panel points due to passengers. Mem- 
ber 5L-6L has a concentrated baggage load of 310 lb located as 


shown. 
The sizes, lengths, and axial loads determined in the usual way, 


TABLE 1 
Length, Axial Load, 

Member Size, in. in. lb 

2U-4U 11/4 KX 0.035 58 +3260 
4U-5U 1 * 0.035 48 —2600 
5U-6U *% 0.035 37 —3860 
6U-7U 11/, K 0.035 50 —3865 
2L-3L K 0.035 40 —2830 
3L-4L 11/4 X 0.035 39 —5340 
4L-5L 1/s X 0.035 26 —6733 
5L-6L * 0.035 36 —3700 
6L-7L 1 XK 0.035 51 —2650 
2U-3L 1 * 0.035 54 —2065 
3L-4U 11/2 X 0.035 57 —2520 
4U-4L 11/2 K 0.035 58 —1475 
4L-5U 11/, X 0.049 60 —4700 
5U-5L 11/4 * 0.049 54 —5216 
5U-6L * 0.035 65 —1200 
6U-6L 7/, % 0.035 60 — 870 
6U-7L 7/, % 0.035 71 + 550 
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assuming pin joints for each member, are shown 
in Table 1 (the axial loads are the critical values 
based on a combination of high angle of attack 
and three-point landing conditions). 

Under present practise, a truss with this type of 
loading would be analyzed by assuming the mem- 
bers which have no side loads to act as struts with 
ends restrained in such a manner that the restraint 
coefficient c = 2 could be used. For the mem- 
bers subjected to side loads between joints, the 
Department of Commerce requires that the bend- 
ing moments be properly taken into account, but 
does not specify how this should be done. 

This paper proposes a method of attack for 
analyzing the effect of these intermediate loads 
which will give definite results even though it is not 
claimed that they will be perfectly accurate. It 
is believed to be an improvement over the present 
uncertainty and to constitute the first step toward 
obtaining a practical rational solution of the 
problem. 

The most important errors in the method are due 
to the following factors: 

(a) Bending moments due to joint deflection, 
resulting from changes in length of members, are 
neglected. (See discussion of Hardy Cross paper 
by Thompson and Cutler, Trans. Am. Soc. C.E., 
vol. 96, p. 108, for a method of obtaining these 
moments.) 

(b) An axial compression load acting on the ends 
of a continuous beam causes a deflection in each 
span. These deflections in themselves result in 
additional moments at supports. These moments 
are neglected. 

(c) To get the allowable stress in compression 
members from Fig. 11 of Aeronautics Bulletin, 
No. 7-A, edition of Jan. 1, 1932, arbitrary assump- 
tions are made regarding the location of points of 
inflection in selecting the value of L. 

(d) To reduce labor, only a part of the truss is 
considered, and the end joints of this portion are 
assumed as fixed against rotation. This isa minor 
error. 

The proposed procedure is made up of the 
following steps: 

1 Compute the primary bending momentsin all 
members due to loads between panel points by 
the Hardy Cross method. If desired, the secon- 
dary moments listed under (a) could be included 
in this computation, though that is not done in 
the illustrative example. 

2 Determine maximum bending moment and 
unit stresses due to bending and axial load. 

3 Determine effective slenderness ratio and 
compute margin of safety from Figs. 10 to 12 of 
Bulletin 7-A. 

The determination of the maximum bending 
moment is likely to lead to some difficulties. 
The present practise of using a restraint coeffi- 
cient of 2.0 in designing a fuselage member implies 
that the magnitudes and directions of the end mo- 
ments are such that there is a point of inflection 
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19Since this paper was written, Mr. Ben W. 
James, of Stanford University, has worked out a 
method of moment distribution modified to include 
the effect of axial loads upon the bending moments. 
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distant not more than 0.7 L from the end 
of the member. Asa result, if a member is 
designed on this basis with a small margin 
of safety for axial load only, the value of 
L/j will very likely be greater than r. If 
the moments at the ends of such a member 
were independent of the deflections of the 
member (as in a single span with canti- 
lever ends as shown in Fig. 11:12 of ‘‘Air- 
plane Structures” by Niles and Newell), 
the axial load would be greater than the 
critical and the member unable to carry it. 
A member of a fuselage truss, however, is 
more like one span of a continuous beam, 
such as is shown in Fig. 11:13 of ‘Airplane 
Structures.”” The end moments are very 
much influenced by the deflections in the 
member, and the critical load is not that 
which gives L/j = 7, but a larger value 
that would be obtained by computations 
similar to those in article 11:7 of “Air- 
plane Structures.” 

The rational method of computing the 
end moments would have to include com- 
putations of the effect of the secondary de- 
flections between panel points to be made by 
some suitable modifications of the extended 
three-moment equation of chapter 11 of 
“Airplane Structures,” but it has not yet 
been found possible to accomplish this. In 
the meantime, it is necessary to make cer- 
tain assumptions. 

For members in which the axial load is 
tension it seems conservative to neglect the 
effect of combined bending and axial load in 
producing secondary moment. The unit 
stress due to axial tension may be added to 
that due to the bending computed by ap- 
plying the Hardy Cross method and the 
sum compared to the allowable unit tension. 

If there is no side load on the member 
and the Hardy Cross computations indicate 
that there is no point of inflection in the 
member, it would seem unwise to use a mem- 
ber designed on the basis of c = 2.0, but the 
design should be based on c = 1 so that L/j 
would be less than 7, and the formulas of 
chapter 11 of ‘Airplane Structures” could 
be used with some confidence to determine 
the maximum moment in the span. 

If there is no side load and the Hardy 
Cross computations indicate a point of in- 
flection, the same practise could be followed, 
but it seems unnecessarily conservative. 
Owing to the continuity of the structure, 
the end moments will increase faster than 
the external loads and the point of inflection 
will probably have only a small movement. 
If this were not the case, the failing loads 
for fuselages subjected to static test would 
have indicated the necessity of designing for 
c = lorless, instead of c = 2. The designer 
has two reasonable assumptions he might 
make. Hemight assume the point of inflec- 
tion to be 0.7 L from the end with the larger 
moment or that it was, say, one-third of the 
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distance from the point of inflection indicated by the Hardy Cross 
computations and the end with the smaller moment. In either 
case, the distance from the assumed point of inflection to the end 
with the larger moment would probably give a value of Li/j 
less than r. This segment of the beam could then be analyzed 
in the usual manner with the formulas of “Airplane Structures”’ 
and the margins of safety computed by the system recommended 
in Bulletin 7-A. 

When there is a side load on the span, there are two similar 
choices. The first is to use a member of such size that L/j is 
less than r and compute the maximum moment from the formulas 
of “Airplane Structures.” The other is to find the points of 
inflection indicated by the Hardy Cross computations of end 
moment and assume points of inflection a little further apart. 

In all of these methods, the end moments are assumed to be 
those computed by the Hardy Cross method, neglecting the 
secondaries due to the combination of bending and axial load in 
each member of the structure. This is a serious error, but one 
that cannot be eliminated until a method of applying the ex- 
tended three-moment equation to a structure like a fuselage side 
truss has been developed. When that has been done, and 
efforts to this end are being made, a more rational solution of 
the problem can be developed. Until then, the method pro- 
posed here may be taken as a preliminary step in this direction 
and should give very reasonable results. 

The chief alternative is to assume that all members subjected 
to side load have pin ends and to compute the bending moments 
in them by the formulas of “Airplane Structures.’”? The ob- 
jections to that procedure would be: 

1 No computation would be made of the bending moments 
imposed on adjacent members without side load due to the 
continuity of the structure. 

2 Members which probably have no point of inflection would 
not be detected, and would be designed for c = 2 instead of 
c=1l. 

3 The effect of the end moments in reducing the bending 
moments near the center of the member would be neglected. 
Though this would be conservative, it would often be unneces- 
sarily so. 

These objections are quite as weighty as those against the pro- 
posed method. 

In Fig. 39, the fixed-end moments are computed for the dead 
loads between panel points, and the moments at the ends of all 
members are determined from these by the usual Hardy Cross 
method. The results of those computations are used to draw the 
moment diagrams (Fig. 40) in which the ordinates are shown on 
the compression side of the member. The margins of safety are 
found for several representative members as shown below. 

Member 2U-4U is subjected to an axial tension of +3260 and 
a concentrated side load. The maximum moment is —513 at 
the left end. 


Hence: 
My 513 
SS = —————— = 12. 980 Ib sq in. 
ie = TF = 9 03048 eer Ua Aaao 
P 3260 
c= - = = 24,400 
f A 0.13386 


J: = 37,380 Ib per sq in. tensile stress 
Assuming allowable stress for combined bending and tension 
= 80,000 lb per sq in., 
80,000 


—— Pb =p 5 
37,380 sa 


Margin of safety = 


Member 6U-7U is a tension member. Obviously, the moment 


at the right end of the member is maximum. Hence the pro- 
cedure is the same as for 2U-4U, and the margin of safety is 
+14.8. 

Member 5U-5L is subjected to a compressive load of —5216 
lb and end moments as shown in Fig. 40. These end moments 
are opposite in rotation, so there are no points of contraflexure 
in the member. 

From ‘Airplane Structures,” we find L/j = 3.96 for a 11/, 
by 0.49 member. This value is too large, since it is greater than 
mz. Moreover, there are no points of inflection, so that we are 
not justified in using a length of less than 54 in. It would seem 
most logical to redesign the member so that L/j < =, as sug- 
gested.?° 

In practise it would be necessary to select a larger member and 
re-figure all end moments by the Hardy Cross method, since the 
larger strut would have a different stiffness factor. 

Suppose we next try a 15/s by 0.049 member, and assume for 
the purposes of this illustration that a redistribution of moments 
gives M, = —165 and M; = —155. (Transforming the signs to 
agree with those used in the formulas of ‘Airplane Structures.”’) 

For these conditions, L/j = 2.64, and from case A of ‘Airplane 
Structures” it is found that the maximum moment of —645 
in-lb occurs at a point approximately 27 in. from the bottom end 
of the strut. 

At this point: 


Mmex = M, sec x/j 


= —165X 3.91 = 645 
fo = 645/0.0928 = 6,950 
fe = 5216/0.2426 = 21,500 
fe = 28,450 
fo/f: = 6950/28,450 = 0.244 
L/r = 97 


Allowable stress from Fig. 11 of Bulletin 7-A = 37,000 
Margin of safety = 37,000/28,450 — 1 = +0.30, 
or +30 per cent 
Member 4U-4L: This member is subjected to a compressive 
load and counter-clockwise moments at each end. The latter 
cause a point of inflection approximately 20 in. from 4U, as 
shown by Fig. 40, and it would seem reasonable to use Li = 
38 in. + 20 in./3 = 44.7 in., or 45 in., say, measured from 4L. 
This is more conservative than using 0.7L, since the latter would 
give Li: = 40.6 in. 
For L; = 45 in., Li/j = 2.4, and since this is greater than 2/2: 


M, 805 ‘ 
and 
Sfo/fe = 0.753 
Li/r = 116:5 


Allowable stress from Bulletin 7-A = 51,000 
Margin of safety = +2.2 per cent 


Member 41-5L: This member is acted on by an axial com- 
pressive force, end moments of opposite rotation, a concentrated 
side load, and a uniformly distributed side load. For this mem- 
ber L/j = 2.525. Since this value is less than 7, combined 
formulas from eases B and E of “Airplane Structures” may be 
used to compute the moments at several points and draw the 
moment diagram. Points on the moment curve are shown in 
Table 2, in which z is the distance from 4L. 

Points of inflection occur at z = 13.4 and x = 23.9. Thevalue 
of L; is first assumed as 15 in. (estimated from the fact that z = 


20 A similar computation would also show the necessity of re- 
designing 3L-4L. 
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Member 5L-6L: This mem- 
ber is also a compression strut 
acted on by end moments of op- 
posite rotations and a concen- 
trated side load. 

Since L/j = 3.66, which -is 
greater than 7, the method of at- 
tack used for member 4L-5L 
cannot be used. Owing to the 
continuity of the structure, it 
might be assumed that the points 
of inflection moved only one- 
W third of the distance from their 

2 locations as indicated on Fig. 40, 
Wa b to the ends of the member. Then 
the central part of the member 
could be treated as a beam 25.6 
in. long with a load of 310 lb 
W located 8.25 in. from one end and 
with noend moments. For this 
own beam L/j would be only 2.60, 
96 and the formulas of “Airplane 
Structures” could be used to 
determine the moment at the 
concentrated load. For this case 
we obtain Mmax = 432 in-lb. 

Then 


fo = 432/0.02474 = 17,500 
fe = 3700/0.10611 = 34,800 


OS fr = 52,300 
2 3 fo/fr = 0.34 
no (1012-15aL+6a") (51-48) , = 0341 
20 L a — OL Li/r = 75 
F, = 51,000 
Margin of safety = — 0.024, 


1 2 1 
= wx (Lex)” dx 5 


General Case--Any Loading 
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TABLE 2 POINTS ON THE MOMENT CURVE 

x Moment 

0 —3704 (end 4L) 

5 —2795 

10 —1106 

15 + 687 

Sh +2490 (concentrated side load) 

23 + 717 

26 —2140 (end 5L) 


13.4 to first point of inflection). The maximum moment for this 
case is —3704 at 4L. Using these values, it is found that the 
margin of safety is —39 per cent. 

L; is next assumed as 12 in., which is somewhat in excess of 
the distance between the two computed points of inflection. 
The maximum moment in this part of the span is +2490 under 
the concentrated side load. For these conditions the margin of 
safety is—25 percent. Since these margins are negative, a heavier 
member should be used and new computations made throughout. 


or —2.4 per cent 


This is evidently less con- 
servative than the method used 
for member 4L-5L, since that 
method would have involved the 
use of a member with L/j less 
than +. It is difficult to say 
which method gives results more 
nearly approaching the facts of 
0 the case. Since there are sel- 
dom many members with side 
loads applied to them directly, 
it would seem desirable to use 
the more conservative method illustrated first. 

It will be apparent that there is no necessity for using much 
accuracy in distributing moments by the Hardy Cross method, 
especially in the earlier trial designs. Even in the final design, 
the necessity of using more than three or four cycles is somewhat 
questionable. 

The foregoing examples are intended as illustrations of the 
general method of attack. It is felt that this is a step in the 
right direction, and it is hoped that others will be sufficiently 
interested to develop it still further. 


L 
wx’ (Lex) dx 


CoNncLUSION 


The Hardy Cross method of analyzing continuous frames by 
moment distribution has been received with widespread en- 
thusiasm by structural engineers. It is hoped that some of this 
interest will spread to the aeronautical field. One aeronautical 
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engineer?! has pointed out in discussion of the Hardy Cross paper 
that the method is of particular value for making rapid com- 
parative studies of continuous closed frames, for assisting in 
digesting test results, and for solving other complex problems 
encountered in airplane design. 

This method is not claimed to be the most practical for analyz- 
ing every structure encountered in design, but it is felt that its 


A P 
“Map 
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advantage over present methods is quite marked for many types 
of structures. 


Appendix A 


Sian CONVENTIONS 


Sign conventions are often the cause of great confusion, es- 
pecially to the person unfamiliar with slope deflection or other 
methods of solving statically indeterminate structures. Since 
the use of correct signs for moments is very important in the 
Hardy Cross method, it is believed advisable to elaborate on 
the brief definitions given at the beginning of this paper. 

1 Positive and Negative Moments. Fig. 42 will help the 
reader to visualize the following steps: 

(a) Consider that all members intersecting at joint B have 
been cut off an infinitesimal distance away from the joint. (The 
distance is of course exaggerated in the sketch.) 

(b) Let the reader imagine that he is standing on joint B and 
is keeping member BA in equilibrium by exerting a moment 
couple on the end of the cut member. Obviously he must exert 
compression on the side where the beam fibers are in compression 
and tension on the opposite side. In this case, he must exert 
a clockwise moment couple on the end of BA. If he now turns 
toward joint C, he must exert a counter-clockwise moment couple 
on it. From the definition: 

If he exerts a clockwise moment couple on the end of the 
member, the moment is positive. 

If he exerts a counter-clockwise moment couple on the end of 
the member, the moment is negative. 

Hence, the signs of the moments at A, B, and C are as shown 
in the sketch. 

2 Joint Rotation. Joint rotation angles are not used in the 
moment-distribution method proper. However, the slope-de- 
flection equations are used in the derivation of several formulas 
in this paper, so the sign convention for joint rotation is given 
to help the reader in following the steps of the derivations. 

Referring to Fig. 42, when the load was applied to beam BA, 
the effect was to apply a counter-clockwise moment on the end 
of beam BC, which caused the tangent to the elastic curve of 
this beam to rotate counter-clockwise also. By definition, this 
rotation was negative. 

The moment at BA is positive under these conditions, because 
itis resisting the load. If the load were removed, the beam would 
deflect upward and the positive moment Mya would rotate the 


*1 See discussion by Elmer F. Bruhn, Trans. A.S.C.E., vol. 96, 
1932, p. 22. 
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tangent to BA in a positive clock- 
wise direction. 


6, Discussion or Sian Con- 
VENTION 


The sign convention which 
Professor Cross used in his paper 
was one with which structural 
engineers are ordinarily most 
familiar—i.e., a positive mo- 
ment ca uses compression and 
a negative moment causes ten- 
sion in the top fibers of a beam. 
For columns he suggested turn- 
ing the drawing clockwise 90 deg 
and treating them as if they were 
beams. 

The advantages of this system 
in the analysis of ordinary rec- 
tangular building frames are ob- 
vious. The disadvantages are 
more apparent when one tries to 
use it on a frame where members 
meet at various angles. The 
checking of a joint to see that 
the moments are in equilibrium 
is somewhat difficult, especially 
if there happen to be more than 
four members meeting at the 
particular joint. Care must also 
be used in determining the un- 
balanced moment at a joint 
where more than two members 
meet. 

Hence, it has seemed to the 
author that the Wilson sign con- 
ventions”? adopted for this paper 

c are in general more satisfactory 
and less likely to lead to confusion, in that they automatically 
care for the sign of horizontal, vertical, and diagonal members. 
The checking of joints for equilibrium and the determination of 
unbalanced moments are facilitated, since the moments at a 
joint can be added algebraically. If the algebraic sum is zero, 
the joint is in equilibrium; if the sum is not zero, there is an 
unbalanced moment. A further although perhaps less impor- 
tant advantage of using the sign conventions selected for this 
paper is that multiplying by a carry-over factor of +1/: instead 
of —1/, allows less chance for error in computations. 

In their text, “‘Statically Indeterminate Stresses,’”’ Parcel and 
Maney use sign conventions which are the reverse of those used 
by Messrs. Wilson, Richart, and Weiss. The choice between 
these two is largely a matter of personal preference, 

It should be noticed that it is more satisfactory to transform 
both the Wilson and the Parcel and Maney sign conventions to 
the convention used by Hardy Cross before computing bending 
and shearing stresses. This transformation will be greatly 
facilitated if a rough sketch is made for each member showing 
the moments and forces acting on it. 


Appendix B 
Frxep-Enp Moments, Carry-Over AND Stirrness Factors 


Fixed-End Moment for Member Having Constant J: Fixed- 
end moment was defined at the beginning of this paper as the 


22 See footnote 6. 
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moment which would exist at the ends of a loaded member if 
those ends were held rigidly against rotation. These fixed-end 
moments for a beam of constant J can be found for different types 
of loadings in numerous texts or handbooks,** since they are also 
used in the slope-deflection equations. They can also be found 
quite readily by applying the three-moment equation and solv- 
ing for the two unknown end moments or they can be determined 
by use of the M/EI diagram. 

The latter method is applied to a uniformly loaded beam such 
as that shown in Fig. 3 as follows: 

Area of the M/EI diagram for uniform loading is WL?/12HI 
(the area under a parabola of base L and maximum ordinate 
WL/8EI). Then the slope of the tangent to either end of the 
curved beam is numerically equal to the shear at the end when 
the span is loaded with the M/EI diagram. That is, 0. = 
— 0, = WL*/24EI. To fix the ends in a horizontal position it 
is now necessary to apply a counter-clockwise moment at A 
and a clockwise moment at B, such that the ends will be rotated 
through an angle — 02 = +6. The M/EI diagram, when only 
the end moments act on the beam, will be a rectangle of height 
M. = M, and length L. Hence, 


2 24EI 
and 
—WL 
° 12ET 
also 
+WL 
My, = 2ET 


23 References are “Structural Theory,’’ by Sutherland and Bow- 
man, p. 191, and ‘‘Stresses in Framed Structures,’’ by Hool and 
Kinney, p. 485. (See also Fig. 41.) 
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The fixed-end moments can be worked out for other loadings 
in the same way. 

Carry-Over Factor for Member Having Constant 7: As 
previously stated under ‘‘Definitions,’”’ the carry-over factor for 
a beam fixed at A and simply supported at Bis the ratio Mar/Mie 
and is equal to +1/, for straight beams of constant section. 
This relation can be found from the three-moment equation, 
by use of the M/EI diagram or from the slope-deflection equa- 
tions. By the latter method: 


Mav 


Il 


2EK (20a + 6» — 3R) 
Mia = 2EK(20, + 6. — 3R) 


If the fixity is at end A, 0. = 0. R& = 0, since there is no 
movement of supports. Whence Mas/Mia = +%/2. 

Fixed-End Moments and Carry-Over Factors for Members 
Having Varying Moments of Inertia: A structure made up 
of members in which the moment of inertia varies from point 
to point along the span is quite complicated to analyze by 
any of the methods proposed so far. The Hardy Cross method 
can be advantageously applied to this type of frame, although 
considerable labor is involved in obtaining the required fixed- 
end moments, stiffness factors, and carry-over factors. In the 
general case, where the member not only has a changing cross- 
section, but also is unsymmetrical with respect to loading and 
form, it is necessary to find a fixed-end moment, stiffness factor, 
and carry-over factor to use with each end of the member, a 


- total of six constants for the beam. 


No attempt will be made in this paper to present the method 
of determining these constants. The reader is referred to a very 
able presentation offered in discussion of the Hardy Cross paper 
by A. W. Earl (Trans. Am.Soc.C.E., Vol. 96, 1933, p. 112). A 
somewhat different method was proposed by Prof. George E. 
Large in discussing the same paper (Trans. Am.Soc.C.E., Vol. 
96, 1933, p. 101). 
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This paper is based on investigations conducted at the 
Pittsburgh Experiment Station of the U. S. Bureau of 
Mines. It shows that in underfeed burning the factor of 
rate of ignition is much more important than it is in over- 
feed fuel beds and that it fixes limits to the outputs that 
-can be obtained. It uses the principles determined from 
the experimental results to interpret the much more com- 


HE purpose of this paper is to pre- 
sent the results of an investigation 
conducted at the Pittsburgh Ex- 
speriment Station of the U. S. Bureau of 
Mines. It is one of a series of studies 
which have been made by the bureau on 
the burning of solid fuels to obtain mea- 
sures of the actions which occur in fuel 
beds, in the burning of fuel and the 
clinkering of its ash. When the investi- 
gation was started, it was intended to 
restrict it to a study of the effect of 
preheat; however, as preheated air is 
more commonly used with underfeed 
stokers, it was necessary to include underfeed burning in the 
| investigation, and this then became its major feature. 

| Because the two types of tests were interlocked, it is not con- 
| venient to separate them entirely in this report; the study on the 
| effect of preheat on overfeed fuel beds will be treated first, and the 
effect of preheat on underfeed fuel beds will be included with the 
report on underfeed combustion. 


P. NicHOLLs 


EFFECT OF PREHEAT ON OVERFEED FUEL BEDS 


The objects of the investigations were restricted to studies 
of the effect of preheated air on the combustion in the fuel bed, 


\ 1 Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

2 Supervising fuel engineer, Pittsburgh Experiment Station, U. S. 
Bureau of Mines. Percy Nicholls was graduated from Leeds Uni- 
versity, England, and later was awarded National and Whitworth 
_ scholarshipsin engineering. His earlier association was in mechanical 
and electrical work with the Westinghouse, Western Electric, and 
‘General Electric companies, followed by positions as engineer of 
works for manufacturing concerns. He became interested in heat- 
‘transmission research and heat insulations and is the author of a 
number of papers on these subjects. In 1925 he joined the Bureau 
of Mines, and has presented papers on fuel utilization and allied 
» subjects. 

3 Associate fuel engineer, Pittsburgh Experiment Station, U. S. 
Bureau of Mines. Mark G. Eilers was graduated with the degree of 
Chemical Engineer from the University of Notre Dame in 1919, 
following which he entered the employ of the Rochester Gas and 
Electric Corporation at Rochester, N. Y. For three years he was 
engaged in laboratory work in connection with plant problems, and 
subsequently for a period of eight years acted in the capacity of as- 

_ sistant operating engineer supervising operation in the coal-car- 
! ‘bonization plant for the same company. In 1930, Mr. Eilers joined 
the Fuels Section of the U. S. Bureau of Mines at Pittsburgh. 
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The Principles of Underfeed Combustion and 
the Effect of Preheated Air on Overfeed 
and Underfeed Fuel Beds 


x By P. NICHOLLS? ano M. G. EILERS,? PITTSBURGH, PA. 


plex action in fuel beds of commercial underfeed stokers. 
It also shows what effect preheated air has on overfeed 
and underfeed fuel beds and how this preheat is utilized. 
The results from burning a number of fuels on the under- 
feed principle, both without and with preheat, are given. 
The variables investigated were kind and size of fuel and 
rate and temperature of the air supplied. 


and did not include the economy or de- 
sirability of preheat’ or even its effect on 
combustion above the fuel bed, except as 
far as the latter can be deduced from the 
composition and temperature of the gases 
leaving the fuel bed without and with the 
use of preheated air. 

Although there have been numerous 
papers and reports on the effect of preheat 
on the over-all operation of furnaces and 
on economy, no record was found of any 
detailed studies of its effect on combustion. 
Reports have referred to the increased 
clinker formation caused by preheat, and 
the limiting of preheat temperature because of clinker troubles or 
increase in the cost of upkeep of the stoker parts, but it can 
be understood that there would be little opportunity to measure 
the effect of preheat on combustion in the fuel bed. 

The over-all effect of the preheat on a fuel bed is given by the 
change in the composition and temperature of the gases leaving 
the bed. It can be predicted that the rate of reaction in the 
bed will be increased and that, as a consequence, the rate of 
burning will be increased for the same rate of air supply. If 
a fuel bed is deep enough, the endothermic reaction of the con- 
version of CO; to CO occurs. If the formation of CO is increased 
by the preheat, then some of the sensible heat of the preheated 
air will be absorbed, and the increase in temperature of the gases 
leaving the fuel bed will be less than that which would be com- 
puted from the preheat added; of course, even supposing there 
were no increase in CO, the increase in temperature of the hot 
gases would be less than that of the preheat because of the in- 
crease in the specific heat of gases with temperature. 

A further cause for the loss of some of the preheat will exist 
if the clinkers or ashes leave the system at a higher temperature 
than they would without preheat. 

It was evident that the differences in the quantities to be 
measured would be small, so that all auxiliary conditions of test 
would have to be identical, while measurements must be accurate. 
Even with the closest regulation it is very difficult to get two 
burnings to give exactly the same result, particularly with fuels 


M. G. EILers 


Presented at the Semi-Annual Meeting, Chicago, Ill., June 26 to 
July 1, 1933, of Tae AMERICAN Socipty oF MECHANICAL ENGINEERS. 
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which cake. Considerable experience had been obtained in the 
study of fuel beds in connection with the determination of the 
combustibilities of cokes;* also, coke forms the main part of the 
bed, even when burning coal. It was therefore decided to fol- 
low the same method and, as a beginning, to use coke as a fuel, 
as the principles involved could be more easily determined and 
better illustrated by a fuel free of volatile matter. 

Apparatus Used. Fig. 1 shows the set-up used. The furnace 
was of welded construction with refractory lining. The inside 
was 20 in. in diameter and 44 in. high from the grate bars. There 
were 26 1/s-in. pipe sampling holes at 11/:-in. intervals from the 
grate level, these being scattered round the circumference. 
The air was supplied by a fan capable of giving 9 in. of water 
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pressure; the air passed through a measuring orifice and the 
quantity could be closely regulated. The preheater was built 
specially for these tests, and was designed to give up to 1000 F 
preheat with the maximum estimated quantity of air. Two sizes 
of premix gas-burners were used; the gas was burned in a com- 
bustion chamber with checker-brick to avoid flame impingement 
on the preheater tubes. The temperature of the hot gases was 
controlled by the addition of air, so that it would be the mini- 
mum above the preheat temperature. The air leaving the 
preheater passed through a mixer before entering the ashpit. 
Its temperature was measured by a shielded thermocouple at a 
position of high velocity. 

The bureau’s standard water-cooled gas samplers were used for 
inserting into the bed through the various sampling holes. Fuel- 
bed temperatures were taken by optical pyrometer. All gas 
samples and temperature observations were taken at 1 in. 
distance from the vertical axis of the furnace. Other instru- 
ments and measurements were of standard type. 

Test Procedure. Because the procedure was essentially the 
same as that used in the combustibility tests already referred to, 
it will not be described in detail. A very rigid specification was 
followed to insure duplication of conditions. It consisted in 
building up a fuel bed to a 24-in. depth, allowing it to come to 
equilibrium of burning, and then maintaining it at that depth 
during the period when measurements were taken. 

Three complete sets of gas samples and other measurements 
were taken during one test, and the bed was frequently restored 
to its standard condition at fixed times. The samples were taken 
one at a time, starting at the top of the bed, so that the part 
below the sampling position was not disturbed previous to the 
taking of the sample. 


4 Nicholls, Brewer, and Taylor, ‘‘Properties of Cokes Made From 
Pittsburgh Coals,” Proc. A. G. A., 1926, pp. 1129-1143. Nicholls, 
P., “Study of Cokes From Various Types of Plants Using Pittsburgh 
Coal,” Proc. A. G. A-,°1928, pp. 1127-1136. 
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The coke used was made by the Philadelphia Coke Company in 
Koppers ovens, using a mixture of 80 per cent Powellton seam 
coal and 20 per cent Pocahontas coal. It was crushed and care- 
fully screened to 1 to 11/:-in. square mesh. Its analyses and 
properties were: 

Proximate analysis, per cent: 


WE RHIER Foe os oboe Verge oshas 0 clk ere eae 0.6 
Volatvemnatters |. sn kik cy ss coe ane 0.7 
iSO TCHR DULS. caste ts wares 6 ake ace ae ore eee 91.3 
Adis Sears ier Sofa ue Air lec Gis Oe eee ee 7.4 


Ultimate analysis, per cent: 


EE WATOROD toe oe ane 2a te oss oh ean eet 
CRPDORE se oe shoo ay ae aa Ao teie Pala en 


oon 


DORMS 
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Results of Tests. Four air temperatures were used, 80 (normal), 
400, 600, and 800 F. Fig. 2 shows the values of the CO, CO, 
OQ», and N, in per cent by volume against the height of the fuel 
bed, and also the temperatures by optical pyrometer. Each 
point is the average of the nine sets of readings. A few gas- 
analysis values were rejected because they showed internal evi- 
dence of errors in the sampling or the analysis. The water vapor 
is not plotted; from the analysis of the coke its value would be 
0.7 per cent by volume. It is also possible that some producer 
action of the water vapor in the air and from the coke had oc- 
curred; it was not considered worth while to include the extra 
precision and labor necessary to check these factors. The parts 
of the curves in the first 11/. in. of the bed below the first sam- 
pling position are drawn arbitrarily. The largest variations be- 
tween individual observations occurred with the first two sam- 
pling positions, because these are most affected by pieces of clin- 
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ker, although the attempt was made to remove the clinker each 

_ time the bed was brought back to standard. 

The figure shows that the preheat caused larger differences in 
the reaction in the lower part of the bed and that it increased 
the rate of reaction. 

'_ The temperature observations were, as usual, the weakest 

- part of the measurements. At best, they are the temperature 

of the coke surface, and the optical pyrometer will show large 

variations over the small area which is seen through each hole; 
several readings were taken at each observation and the re- 

_ sults averaged. The dip in the temperature curves at 12 in. 

height shows a drop in temperature which should not occur and 

- is due to conduction to the walls or by convection of cooler gases 

from the walls. 

The figure shows that the preheat is used partly in increasing 
the CO reaction and partly in raising the temperature. Com- 
' paring the values for 80 and 600 F at the 15 in. height, com- 
- putations show that about 45 per cent of the preheat was used 
in the conversion of CO. to CO and 55 per cent in increasing the 

sensible heat. The curves of Fig. 2 are based on the test points; 

computations show that from the heat balances the 600 F 

~ eurves should be closer to the 400 F curves. 

_ Fig. 3 shows the total carbon and hydrogen content of the 
_ gases per pound of air; the rate of burning is proportional to the 
carbon content; the dotted line will be referred to later. 

The results illustrate the principles of the effect of preheated 
air in a thick fuel bed. One could deduce the order of the effect 
on a 10-in.-deep fuel bed; for example, by taking the values at 
the 10 in. height. The actual values by gas analysis and by 

_ temperatures would be somewhat lower, however, because of 

the loss of heat by radiation from the top of the bed and by the 

quantity of heat required to raise the temperature of the incoming 

_ coke, assuming that it is fed in continuously at a rate equal to 

_ the rate of burning. 

7 The values given in Figs. 2 and 3 are based on samples and tem- 

peratures taken at the center of the bed, and therefore depict 

the actions in a uniform bed free from holes or cracks or the effect 
of side walls. In service these factors are always present and re- 
duce the average combustible in the gases below that which would 
be predicted for a given depth from Fig. 3; also, ash and clinker 
would always be present in service and would increase the apparent 
depth. One can, however, use Fig. 2 to predict with fair accuracy 
= the relative rate of burning that will result from the maintenance 
of various depths of fuel bed. 

Further Work With Preheat. The investigation could have 

) been extended to obtain actual values with normal depths of 

fuel beds; there would be no object in doing this for cokes, but 

it could have been done for coals. Preheat is but little used with 
the overfeed type of fuel bed. Such tests with caking coals 
would necessitate introducing the factor of breaking up the fuel 

bed, and this operation is difficult to standardize, so that the 
accuracy of results is affected. If such tests had been made, 

‘it would probably have been of most practical value to have 

used fuels high in moisture. However, it was not considered 

‘worth while to extend this phase of the investigation, but rather 

to study the effect of preheat on the burning of bituminous 

coals on the underfeed principle. 
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UNDERFEED BURNING 


Previous Work. The principles of overfeed or hand-fired 
burning are well understood, and there have been many in- 
vestigations of them. The fundamental ones are those made 


Although other investigators have not studied the actions at 


5 U.S. Bureau of Mines Tech. Papers 137 and 139. 
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different heights in the fuel bed, yet all tests of domestic and other 
small types of furnaces yield over-all data on the principles of 
the burning of different fuels, but relatively rarely has the effect 
of secondary air, supplied purposely or by leakage, been elimi- 
nated. The investigation made by the bureau on the burning of 
coke® extended the study of overfeed fuel beds to the effect of 
the size of free-burning fuels on characteristics of combustion. 
A similar investigation has been completed for anthracites. 

No corresponding studies have been published of the prin- 
ciples of underfeed burning. There have been investigations of 
some details of the combustion with underfeed stokers, but 
these give little information on the action in the bed. Mr. 
Bert Houghton’ removed a section of fuel from a retort and by 
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analyses of various sections determined how far the fuel had been 
consumed. The composition of the gases arising from the fuel 
bed at various locations has been studied by others. The 
progress of combustion on a chain-grate stoker was rather 
ingeniously examined recently by J. D. Maughan,® who fed in 
a wire screen with the coal and, when it completely covered the 
grate, quickly withdrew it and quenched the fuel. Analyses 
of various sections through the bed showed the distribution of 
the fixed carbon and volatile remaining. 

Types of Fuel Beds. Although the term ‘‘underfeed fuel 
bed” is used in this report, yet the same principle of combustion 
oceurs in beds to which that term would not apply. The 
term “up-burning” is sometimes used, but that also is not com- 
prehensive enough. It is therefore worth while to review various 
types of fuel beds and to connect them with the principles they 
include. The discussion which follows may be considered some- 
what elementary, but at least it insures clarity of thought. 

The type of a fuel bed is fixed by the absolute direction of 
flow of the fuel and its relative flow to the air; both fuel and 
air can be constrained to move in any direction desired. The 
ash will fow in the same direction as the fuel, independent of grav- 
ity, unless it becomes fluid, when gravity and the temperatures 
of the zones it flows into will influence its motion. 


6 U. S. Bureau of Mines Report of Inv. 2980. 

7 Houghton, ‘‘The Burning of Bituminous Coal on Large Under- 
feed Stokers,”’ Int. Conf. on Bit. Coal, 1931, vol. 2, p. 282. 

8 Grumell, E. S., Jour. Inst. of Fuel, vol. 5, Aug., 1932, p. 366. 


324 


Fig. 4 shows six of the possible types. Type A, representing 
hand firing, is of the overfeed principle. Type B shows what 
we have termed the “‘unrestricted-ignition underfeed’’ principle. 
Type C evidently is the same as B in its combustion principles, 
but differs in the ash disposal; it is illustrated by the Hawley 
down-draft heating boiler. Type D, as representing a traveling- 
grate stoker, is of interest; the length U of the fuel bed is burning 
on the pure underfeed principle; the length O is burning on the 


Fig. 4 DiacramMatTic REPRESENTATION OF Six Typrs oF FUEL 
BED 


overfeed principle; and some unknown length P is in what we 
have termed the change-over state—that is, the burning is ad- 
justing itself because of the cessation of the ignition action. 
Type E, as represented by the burning in a Molby heating 
boiler, has some of the underfeed principle at the upper part. 
Type F represents the pot-type stoker; the burning will be of 
the underfeed type with restricted ignition. 

Pure Underfeed Burning. The term “unrestricted-ignition 
underfeed” burning implies that with a fixed rate of air supply 
there is no imposed restriction which limits the rate at which 
fresh fuel may be ignited; thus in type B of Fig. 4 the fuel is free 
to ignite and the level of the line of ignition will rise or fall as the 
rate at which the coal is pushed in is greater or less than the rate 
of ignition. In type D there is no imposed condition limiting 
the rate at which the fuel in the length U can ignite, and un- 
restricted-ignition underfeed burning results, but as soon as the 
line of ignition reaches the grate bars, the type of combustion 
changes. 

The rate of ignition in type F is controlled, and it can only 
conform to the definition of unrestricted-ignition underfeed 
burning when the rate of coal feed is equal to or greater than the 
rate of ignition; in addition, the burning is not completed in the 
pot. The same arguments would apply presumedly to all larger 
underfeed stokers, with the addition that the motion of the fuel 
may be much more complex. 

Equilibrium Fuel Beds. The term “equilibrium fuel bed”’ 
is used in connection with the experimental work and requires 
a definition, although the term is self-explanatory. It is used to 
define a fuel bed which, for a constant rate of primary air, main- 
tains the same character of combustion and thickness. 

In the overfeed, type A, the bed will be in equilibrium when 
such a thickness is reached that the rate of burning is equal to the 
rate of fuel feed. In the underfeed, type B, the bed is in equi- 
librium when such a thickness is reached that the rate of burning 
is equal to the rate of ignition; if the rate of fuel feed in type A 
or the rate of ignition in type B is greater than the rate of burn- 
ing, then the thickness of both beds will increase indefinitely. 

Method of Test Discussion. Evidently it was desirable to 
attempt to determine some of the fundamental principles of 
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underfeed burning—that is, to study a fuel bed as represented 
by type B of Fig. 4. The use of a bed such as type F would 
correspond more nearly to practise, but it would be difficult, 
if not impossible, to separate the fuel characteristics from the 
conditions imposed by the particular design of pot used. It 
was preferable to have a furnace such as type B in which both 
the fuel and air would be fed from the bottom and a number of 
schemes were considered. One of the requirements was that the 
fuel should be fed uniformly over the area of the bed, which would 
be difficult to insure without considerable expense of construction. 
Finally, the same method was adopted as was used in a previous 
investigation on clinkering.® 

The method consisted in starting with a deep bed of fuel and 
igniting it at the top. This gives a true underfeed burning and 
restricts the factors affecting the combustion to the fuel and the 
rate of air supply; for fundamental studies it has the further 
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advantage that the fuel is stationary. It has the disadvantage, 
compared with forcing the coal in and keeping the burning zone 
at one position, that the cooling effect of the refractories is 
greater. 

Successful operation when burning caking coals in underfeed 
stokers is dependent on the breaking up of the caked or coked 
fuel. This is a necessity in practise, yet it introduces a variable 
that is difficult to control. Although it was recognized that the 
caking would seriously affect the burning, it was nevertheless 
thought advisable to make the first series of tests without dis- 
turbing the fuel bed in any way; so doing gave truer measures 
of the fuel characteristics. Knowing these characteristics, 
the breaking-up factor could be superimposed in other tests. 

Apparatus. The set-up was essentially the same as shown in 
Fig. 1 except that a water-cooled cone with chimney was used 
as a top cover to collect the gases so that average samples could 


9 Nicholls and Selvig, ‘Clinker Formation as Related to the 
Fusibility of Coal Ash,’’ U. 8. Bur. of Mines Bull. 364, p. 50. 


- of the fuel 42 in. 


be obtained; this cover had a water seal for prevention of in- 
_ leakage and for ease of removal. 

Fuel Bed and Observations. Fig. 5 shows how the fuel bed 

was arranged. The diameter of the pot was 20 in. and the depth 
All fuels were carefully screened to definite 
size limits, and the furnace was loaded by small increments. 
Nine thermocouples of No. 28 B.& 8. chromel-alumel bare wire 
were laid in as shown; the junctions were on the center line and 
were placed in a 1 in. length of small porcelain tubing. The 
- exact height of each junction was recorded by measuring from a 
crossbar over the top of the furnace. The wires from the junction 
were run down so that the heat would strike the junction first. 
The couple leads went to a cold junction and thence to a switch- 
ing arrangement by which each could be connected to a portable 
_ potentiometer, or one or more connected to a recording potenti- 
ometer; usually only one at a time was connected to the re- 
’ corder. 
. The fuel was ignited by means of a fixed weight of small- 
sized charcoal and petroleum coke, wetted with kerosene, which 
was spread over the top of the fuel. The cover was not put on 
until it was seen that there was even ignition all over the area. 

The air rate was maintained constant at a fixed weight of dry 
air, the pressure drop through the orifice being changed during 

the test for any material change in the air temperature or baro- 
' metric pressure. Gas sampling was started after the cover was 
put on; the samples were taken continuously over periods of 
10 to 20 min, depending on the rate of burning. 

The top couple was connected to the recorder first. When 
the ignition line reached the couple, its temperature would be- 
gin to rise, and the record obtained gave a good measure of the 
progress of the ignition. When the temperature reached 30 
my (1340 F), the couple was switched to the portable potenti- 
ometer, and the next lower couple was connected to the recorder. 

The progress of combustion was also recorded by observations 
through the 26 sampling holes in the furnace, and the time when 
- the top of the bed or the ignition reached each hole could be 
_ very closely fixed. 

No samples were taken or temperatures measured in the bed 
itself during the regular tests, except that some special obser- 
vations were made of the top of the bed through the sampling 
holes in the cone cover. 

The tests with preheat were conducted in the same manner 
except for the preliminary period of bringing the whole of the 
fuel bed up to the temperature to be used. During this period 
the couple giving the temperature of the entering air and the 
couples placed at mid-height and at the top of the bed were put 
on the recorder to assist in avoiding excess heating of any part 
of the fuel. 

The test was continued until the fuel was consumed, except 
for some tests of bituminous coals in which the caking caused 
very uneven burning. The furnace was allowed to cool, and then 
the residue was examined and measures were taken of the ash, 
the clinker, and their combustible content. 

Data Obtained. All the main data were plotted against time 
as abscissa. Against height above the grate as ordinate were 
plotted the 30 mv position of the thermocouples in the bed and 
the level of ignition by observation; the slope of these lines gave 
the rate of ignition in inches per hour, and from the known weight 
per cubic foot of the fuel as placed in the furnace the rate of 
' ignition in pounds per square foot per hour could be computed. 
The plot of the observed level of the top of the fuel bed on the 
same diagram gave the thickness of the ignited portion at any 
time. 

The flue-gas analyses were also plotted against time; from 
those and the known rate of air supply, the rate of burning was 
plotted. The integral of the rate of burning gave a computed 
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value of fuel burned, which was checked against the known weight 
of the fuel fired, corrected for combustible in the residue and the 
fuel used for igniting the bed. 

Underfeed Burning of High-Temperature Coke. Coke is not 
burned in underfeed stokers, although it is reported to have been 
tried in small domestic pot-type stokers; also it has been burned 
on chain grates, and, as shown in Fig. 4, underfeed burning 
occurs in a portion of the bed. In spite of this lack of appli- 
cation in service, high-temperature coke was used for the first, 
and also the most complete, set of tests of underfeed burning. 
Coke is the most convenient fuel to use when investigating prin- 
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ciples of burning, because it eliminates the uncertainty of size 
of pieces that is present when one has to break up a caked or 
coked fuel, because the bed does not have to be disturbed by 
poking, and because the cost of the tests is very much reduced 
in that the gas analyses can be made in a much shorter time and 
in a water Orsat. 

The primary factors to be investigated were (1) rate of air 
supply, (2) size of coke pieces, (3) temperature of primary air— 
that is, preheat. A series of tests was therefore planned that 
would give enough data to permit of fairly complete plots being 
made; the first were made with normal air temperature. 

The high-temperature coke used in these tests was made from 
No. 8 Pittsburgh seam by the Lowell Gas Light Company in 
horizontal through retorts; its properties have previously been 
reported.!° Those of interest are: 


Ultimate analysis, per cent: 


Sulphur 

Ash 
Ash softening temperature, F............++++-0+- 
Weight per cu ft of 1 to 11/2 in. size, lb..... pieicr 26.8 
Pounds of fuel per pound of combustible, ratio.... 1.12 


The rates of combustion will be expressed in terms of the avail- 
able combustible in the fuel, as this eliminates the variations in 
the non-combustible. 

Variables of Rate of Primary Air and Size of Coke Pieces. 


10 Nicholls, Brewer, and Taylor, ‘‘Properties of Cokes Made From 
Pittsburgh Coal in Various Plants,” Proc. A. G. A., 1926, pp. 1129- 
1143. 
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The sizes of coke adopted as standard were those between the 
square-mesh screen sizes of 1/2 to 1, 1 to 1!/2, 11/2 to 2, and 2 
to 2'/., all in inches. The air rates were kept constant during 
each test. 

To understand the meaning of the results it is better to con- 
sider first those for one size of coke. Fig. 6 shows plots of the 
data for coke of the 11/2 to 2 in. size. It will require a detailed 
explanation and some study to interpret their meaning; be- 
cause the same method of presenting data is used for other re- 
sults, they will be discussed at some length. 

The abscissa is pounds of dry air per hour per square foot of 
grate surface. The left-hand ordinate scale is pounds of com- 
bustible (earbon + hydrogen) per hour per square foot of grate 
surface. The test points are shown, and the curves beyond the 
range of the points are dotted. The two main plots are the rate 
of ignition and the rate of burning of combustible. The light- 
line part cb of the ignition curve means that it is for ignition 
only; the heavy-line part bd means that it is part of both the 
ignition and the rate of burning curves. The rate of burning 
curve is thus abd. 

Considering these two curves, they show that at 100-lb air 
rate the rate of ignition is about 21.5 lb per sq ft per hr, but 
that the rate of burning is only 12 lb; therefore the coke at the 
bottom of the burning zone is being ignited at a faster rate than 
the coke above it is burning (being gasified); consequently, the 
thickness of the burning zone is increasing continually. At an 
air rate of about 200 Ib, the rate of burning is the same as the rate 
of ignition, so that the live-fuel bed will maintain a constant 
thickness. At air rates greater than 200 lb, the rate of burning 
could increase along a continuation of the line ab, but it cannot 
be greater than the rate at which the fuel is ignited, and con- 
sequently it does the best it can and follows the rate of ignition 
curve bd, which for this fuel increases a little at first, reaches a 
maximum at 250 lb of air, and then decreases with further in- 
crease of rate of air supply. 

The ignition curve indicates that at high air rates the rate of 
ignition tends to approach zero; results given later will show that 
this occurred in some tests and it was impossible to maintain 
burning. Such occurrences are a common experience and are 
usually spoken of as blowing the fire out. This falling off of 
the ignition curve was, as might be expected, more in evidence 
with the high-temperature coke than any one of the other fuels 
tested. The causes for this action are two: First, the fuel 
is ignited by the heat radiated from the hot fuel above; very 
little of the heating of the fresh fuel will be by conduction; at 
the same time the surfaces of the fuel are being cooled by the air 
passing over them and this will tend to counteract the heating by 
radiation, and after some unknown rate which will vary with the 
fuel and its size, the counteracting effect will increase more rapidly 
than the increase in the radiation due to a higher rate of combus- 
tion. The second cause is that the fuel bed gets thinner as the 
air rate increases; after some undefined thickness is reached, 
the temperatures through the bed will decrease, and consequently 
the radiation will be less. 

One curve in Fig. 6 shows the observed thickness of the live 
fuel bed. This thickness includes the clinker and unfused ash; 
the values given for this, and other curves which follow, were 
selected in the same manner from the plots of the observed 
values during the whole test. The full-line part of the curve 
covers the range in which the thickness is constant. One would 
expect that the observed thickness would increase with time 
because of the accumulation of clinker, but the increase was 
usually small compared with variation caused by the method 
of observation. For these equilibrium beds of constant thickness, 
a mean value was selected. 

The dotted part ofthe curve covers the range in which the 
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thickness is increasing; the height of the bed when the ignition 
plane reached the grates is used for the thickness in this range. 

The two upper curves of Fig. 6 show the pounds of combustible 
in the flue gas per pound of air supplied, and the pounds of secon- 
dary air required for perfect combustion per pound of primary air. 
The secondary-air curve shows that secondary air would be re- 
quired up to a primary-air rate of 280 lb. 

The foregoing results and the interpretations of them relate to 
the condition of unrestricted ignition. Commercial underfeed 
stokers have restricted ignition in the sense that the rate at which 
the stream of fresh fuel passes into the primary-air stream can 
be controlled. It is worth while at this stage to consider how the 
data of Fig. 6 can be applied to restricted burning. The fol- 
lowing deductions refer to continuous operation with ability to 
restrict the rate of feed of the fuel. 

(1) To obtain the maximum rate of burning possible with each 
rate of air supply, the rate of feed must follow the curve abd; 
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no manipulation other than changing the area of the plane of 
ignition can make the rate of burning continuously exceed the 
values fixed by this curve. 

(2) The maximum rate of burning possible with this coke and 
this particular size is about 26 Ib of combustible (or 29 Ib of coke) 
per sq ft per hr, and no manipulation can increase it. 

(3) The equilibrium thickness of the live-fuel bed for rates of 
air supply above 200 lb and for the corresponding rate of fuel 
feed fixed by the line bd will be those shown by the thickness 
curve of Fig. 6. The equilibrium thickness for air rates below 
200 lb and for the corresponding rates of fuel feed fixed by the 
line ba cannot be predicted from these tests; they will not be as 
large as the values indicated by the dotted part of the thickness 
line, but they will continue to increase with decrease of the rate 
of air supply. 


_ (4) An equilibrium fuel bed will result when operating at any 
_ point within the area enclosed by curve abd. An increase or 
_ decrease of the rate of feed, provided it does not cross the curve 
abd, will result in a gradual change to a new rate of burning and 
-. thickness of fuel bed corresponding to the new rate of feed. 

' (5) If any increase in rate of feed crosses the curve abd, the 
_ rate of burning will not increase beyond that fixed by the curve 
abd; if it crosses the portion ab, the thickness of the live-fuel 
- bed will increase continuously; if it crosses the portion bd, the 
sd thickness of the live-fuel bed will not increase beyond that for 
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bd, but the plane of ignition will gradually be raised by the un- 
ignited fuel below it. 

Fig. 7 shows the rate-of-ignition and rate-of-burning curves 
__ for the four sizes of coke when using air at 80 F; to avoid crowd- 
_ ing, the thickness of fuel-bed curves are shown in a separate 
' plot, Fig. 8. The test points are shown, and it will be noted 
that fairly symmetrical curves can be drawn to fit the points. 

It is of interest that the rate-of-burning curves previous to 
_ their intersection with their individual rate of ignition curves all 
_ fall on a common curve which bends upward slightly for the 
smaller sizes, as would be expected from previous investigations 
on the effect of size. 

The figure shows that the rates of ignition increase rapidly with 
decrease in size, which is in agreement with common experience 
when starting a fire in one’s home furnace. The relationship, 
based on the points of intersection of the ignition and burning 
curves, is of the order shown by Fig. 9. 

If the air rates were carried high enough, the ignition curves 
may be expected to have a shape like that of the 2 to 2/2 in. 
size. An attempt was made to burn this size at an air rate of 
345 lb. There was difficulty in getting the fuel to start burning; 
_ by using larger quantities of igniting fuel and reducing the air 
rate, it was ignited, but when the air rate was increased to 345 
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lb, the burning gradually decreased and finally the fire was 
extinguished. This showed that ignition could not be main- 
tained. 

With this fuel, the rates of burning that can be attained are 
very much affected by the size of the pieces. With the 2 to 
21/2 in. size, the maximum rate of burning possible was 21 lb, 
whereas with the !/. to 1 in. size it was 48 lb. This shows a 
fundamental difference between overfeed and underfeed burning 
principles; in a hand-fired furnace any size of coke can be burned 
continuously at any rate by keeping the fuel bed deep enough. 

It must be remembered that the curves of Fig. 7 are for the 
conditions used in these tests and that the cooling by the side 
walls affects the results. It is not probable that it influences 
the rate of ignition materially, but it does lower the average rate 
of burning because of the poorer combustion at the sides. For 
an absolute value—that is, for a fuel bed of very large area— 
the rate-of-burning line ab would be swung somewhat to the left. 
However, it could never cross the line OC, which corresponds 
for this fuel to a dry-gas analysis containing only CO and N.— 
that is, one with the maximum carbon content. 

The curves for the pounds of secondary air required per pound 
of primary air are not shown, because this is fixed by the position 
of each rate of burning point on the plot. All points on the 
line OP have perfect combustion; those to the left of the line 
require secondary air, and those to the right have excess air. 
The scales on the top and sides permit of reading off the 
secondary-air requirement at any rate of burning. 
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It is worth while to grasp fully the meaning of the type of 
chart represented by Fig. 7 because it is used for all results and 
because it is interesting and informative. Considering the curves 
for one size of coke—the 11/2 to 2 in., for example—it has been 
shown that one can operate continuously anywhere within the 
area adc. Selecting, then, any point of operation—17.5 lb 
of combustible per hour and 200 lb of air, for example—this 
point fixes the rate of combustion and the deficiency or excess of 
air. This is true independently of whether the fuel bed is in a 
good or bad condition, but it does not show how complete the 
combustion was; for instance, the dry gas analysis for this ex- 
ample might be 20.9 COz, 0.8 CO, 0.0 Os, 79.2 No, or it might be 
12.3 CO», 7.8 CO, 3.5 Ox, 76.4 No. In the latter the oxygen is 
available, and whether the CO is burned will depend on the ac- 
tion in the combustion space. A fuel bed which gives the first 
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of the two analyses would be classed as being in a good condition 
because the loss of heat due to free combustible in the gases is 
reduced to a minimum; the second shows that there were holes 
in the bed or leakage at the sides. This is elementary and not 
novel; also, the same type of diagram could be used for over- 
feed burning. 

It is also necessary to define the terms “primary air’ and 
“secondary air.” Primary air as used in this report means the 
air supplied below the bed. In the method of test employed, 
all the air passed through the plane of ignition and also through 
the whole of the live fuel, although even in these tests its dis- 
tribution over the area of the bed was not uniform. In stokers 
the distribution of the air is more complex, and at moderate 
ratings the plane of ignition not as definite; however, if a stoker 
operates continuously with the same shape of bed, then the rate 
of ignition, however we may define or explain that action, must 
be equal to the rate of burning. 

The secondary air in these tests is that which might be sup- 
plied and mixed with the gases over the fuel bed. In a stoker 
some of the air supplied below the fuel bed may not pass through 
any fuel, so that, correctly speaking, it is secondary air. It 
seems to be the usual custom to apply the term “secondary air” 
only to that which is purposely supplied over the fuel bed and 
to that which leaks through the setting. 

If one assumes that in a stoker no air is supplied over the fuel 
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and that it is desired to have 20 per cent excess air in the flue 
gases, then one is limited to operating along the 20-per cent ex- 
cess-air line of Fig. 7. If all this air passes through the plane of 
ignition, the maximum rates of burning possible with each size 
is reduced to the value given by the intersection of each curve 
with the 20-per cent @xcess-air line. A higher maximum rate 
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of burning could be obtained with each size by passing a smaller 
weight of air through the plane of ignition and supplying some 
more as secondary air in its meaning as defined above. 

Fig. 8 shows the thickness of the fuel beds. It will be noticed 
that the curve for the !/, to 1 in. coke falls out of order. There 
are two factors which influence the thickness; one, the rate of 
ignition which tends to increase it, and the other, the rate of re- 
action which tends to decrease it with decrease in size. A 
previous investigation® shows that the second factor increases 
very rapidly for decrease in size below 1 in. 

Effect of Preheating the Air on the Underfeed Burning of High- 
Temperature Coke. The air temperatures used were 80, 200, 
300, and 400 F. There wasno necessity to test all sizes, because 
the characteristics will be similar; therefore only the 1 to 11/2 in. 
coke was used. 
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Fig. 10 shows the results; the lines OC and OP have the same 
meaning as in Fig. 7. The parts of the rate of combustion 
curves falling on the line ab are not materially affected by the 
preheat; because the same size of coke is used, ab has not an up- 
ward bend and is nearly a straight line to the origin. 

The rates of ignition increase rapidly with increase of air 
temperature. Fig. 11 shows the maximum values plotted against 
air temperature; at some higher temperature the curve would 
turn upward very rapidly because at a certain temperature, 
probably between 1100 and 1200 F, the coke would ignite 
spontaneously. 

Fig. 10 shows that preheat will have little effect on operation 
at rates of air supply below that at which the ignition curve meets 
the burning curve. Above the rate of air supply where the ig- 
nition curve for normal air temperature (80 F) meets the burn- 
ing curve (265 lb of air), preheat permits of large increase in the 
rate of burning with a given rate of air supply, but of course with 
the necessity of increasing the secondary air. 

The lower set of curves of Fig. 10 show the thicknesses of the 
live fuel beds, for which, however, there were not many test 
points. The full-line portion indicates that the burning is in 
equilibrium. The fact that for the same rate of air supply the 
thickness increases with increase in temperature of the air at 
first sight may seem an anomaly. The explanation is that the 
increase in the rate of burning that occurs with the preheat 
requires a thicker fuel bed for equilibrium burning; the increase 


“thus required is more than can be offset by the increase in the 
‘rate of reaction resulting from the preheat. Fig. 2 illustrates 
‘this, but to a different scale. 

Underfeed Burning Tests of Low-Temperature Coke. Low- 
temperature coke is a good example of a truly non-caking fuel 
‘with relatively high volatile content. The coke used was a 
fairly dense and non-fragile type; its properties were as fol- 
lows: 


Proximate analysis, per cent: 


i IMLOIStNTO oo fyere one «2 nee PIO 1c Cee toe eres Aes 3.4 
\ Wolntrouriat tere. eran tareete nid swine + oeetckaltalets’ 13.7 
Mixed) Garbomn cre amis etal wemardets aeiuaciete 72.0 
UNI Met Se eR a an Nee Se ae 10.9 
Ultimate analysis, per cent: 

ECOL OM ON eiiney att fee etre sl alos ake seats oho caisis aL serele els 3.5 
Carbon tere cee Dense betienemon se 73.4 
INGEN Sel iied. ts Di eine Ox eC P ae ORI OCU IG 1.5 
ORVPON Se ee oe oes Seats eas a aya Ae ee es 9.8 
Saal Beir eee eters tows albe ae ay sete epere vol ia tenaue pais 0.9 
Bh iprvac sen cei ioe teeta ee evelere nese Rta at PaO 10.9 
Softening temperature, Fi... 00. usec sees 2721 
Weight per cu ft of 1 to 11/2 in. screen size, lb...... 28.3 

Pounds of coke per pound of combustible......... 1.2 


_ The tests made were confined to the 1 to 11/2 in. size. The 
- main series were at increasing rates of air supply without pre- 
heat; these were followed by single tests at the same air rate 
but increasing preheat. 

| Fig. 12 shows the results plotted in the same manner as were 
those of the high-temperature coke. The line OP, as before, 
' is that of perfect combustion for a fuel with the foregoing analysis. 
The line OC shows the maximum rate of combustion. The 
rate of ignition curves for 210 and 300 F air temperature are 
each based on one test point, but their general shapes will be 
somewhat as shown. 

The plots do not differ in their general relationships from those 
of Fig. 10 for high-temperature coke, and the principles that 
would be deduced are the same. The slope of the rate-of-burning 
line ab is a little steeper than of Fig. 10; that is, the gases con- 
tain more combustible per pound of air; the main difference is 
that the rate-of-ignition curves are higher and do not fall off 
after they reach a maximum. The air rate was carried to 680 
lb to see whether the ignition would not fall off, but it did not; 
to have gone higher would have meant blowing fuel out of the 
bed. The interpretation of this is that the fire with this low- 
temperature coke cannot be extinguished as it could with the 
high-temperature coke. 

The increase of the rate of ignition by the same preheat was 
greater than that with the high-temperature coke. A test with 
an air temperature of 400 F was included, but the coke ignited 
spontaneously in the center of the bed. This does not mean that 
the average coke would ignite at this temperature, but that 
exothermic reactions occurred in some individual pieces. 

For the same air rate the thickness of the fuel bed was increased 
by the preheat, as it was with the high-temperature coke. 

Although this coke is easily ignited, yet the principle still 
holds that its rate of burning on the underfeed method did not 
exceed a certain maximum, which for this 1 to 11/2 in. size, with- 
out preheat, is 49 lb of combustible per square foot per hour; 
for the high-temperature coke of the same size it was 35 lb. 

Underfeed Burning With Anthracite. A complete set of 
tests have not as yet been made with anthracite, but three dif- 
ferent kinds of anthracite were tested at one rate and without 
preheat to see if they would give their relative ignitibilities for 
use on another investigation. The size used was 1 to 11/2 in. 
square-mesh screen and the rate of air supply 240 lb of primary 
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air per square foot per hour. A few of the results are given in 


Table 1. 
TABLE 1 UNDERFEED BURNING, ANTHRACITES 

Item No. 1 No. 2 No. 3 
Volatile matter, per cent................. 3.2 3.8 8.3 
Fixed carbon, per cent. .:...-.ccccceecncce 82.5 79.4 78.3 
Aialinmer Centon ete at s bie oe bin tee we 11.0 13.2 12.2 
Weight PEL) CUDICGMOOC AD ee canis eieteieleistvi nel 53.0 51.2 46.3 
Primary air, sq ft per hr, Ib............... 240 240 245 
Rate of ignition, sq ft per hr, lb........... 27.4 25.8 39.2 
Rate of burning, sq ft per hr, lb........... 27.4 27.8 37.0 
Thickness’ of fuel bed; ims... des «ccsavee sn 15.0 15.7 10.5 


Anthracites 1 and 2 both burned with equilibrium fuel beds 
because in each test the rate of burning is equal to the rate of 
ignition. The rate of burning of anthracite 3 was less than its 
rate of ignition, and therefore the air rate was too low to give 
equilibrium. Fig. 6 shows that the same size of high-temperature 
coke also burned in equilibrium at the air rate of 240 lb and that 
the ignition and burning rates were 26 lb, which is a little below 
that of anthracite 1. 

This measure of ignitibility shows that No. 3 was 438 per cent 
more easily ignited than No. 1 or No. 2. These comparisons are 
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on the weight of combustible basis; to the eye the coke would 
appear to ignite 1.6 times as fast as anthracite No. 1; that is, the 
plane of ignition of the coke travels faster because of the relative 
densities and ash contents of the two fuels. 

Underfeed Burning With Bituminous Coals. It was realized 
that more difficulty would be experienced in obtaining reliable 
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data with coals which fuse and cake, but earlier tests? had shown 
that they could be burned with equilibrium fuel beds by igniting 
the bed at the top, provided the air rate was high enough and the 
coal of uniform size. 
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The troubles caused by uneven burning that were encountered 
in the individual tests will not be described, but they can be 
summarized as follows. When burning at low rates of air supply, 
the plane of ignition advanced downward at such a rate that the 
tar exuding from the coal was not consumed, and thus it would 
tend to close up the air spaces, or the surface of the coal pieces 
would not be burned away fast enough to make up for the sweil- 
ing, and consequently the spaces were closed. Hither of these 
actions is cumulative, because, as the spaces started closing, the 
air would divert from the center, and thus the quantity of air 


TABLE 2 BITUMINOUS COALS USED IN UNDERFEED TESTS 


Name, designation..... Illinois Pittsburgh Splint Westmoreland 
SEREO. a's. wais bearers ce Illinois Pennsylvania Kentucky Pennsylvania 
Gounty:. s.. oseses oe Franklin Allegheny Harlan Westmoreland 

2s Mee SAS AOC No. 6 Pittsburgh ss wws.s- Pittsburgh 
Proximate analysis, 

per t: 

MiGinstrG:. 0... s/n ace 6.5 3 Hy ¢ 3.1 1.3 

Volatile matter..... 35.1 34.7 37.0 32.3 

Fixed carbon....... 50.4 55.8 55.3 58.5 
Ultimate analysis, 

per cent: 

Hydrogen... 52 s se 5.5 5.2 5.8 5.2 

Garbonsi cvs swine’ 68.8 77.2 77.5 77.5 

Nitrogen... fics css 1.5 1.5 1.5 1.5 

Oxyronin.c ss vhs. 14.1 7.2 10.1 6.9 

Sulphur 2.1 Pak 0.5 1.0 

Aph?: fice ae ae 8.0 ees 4.6 7.9 
Calorific value, Btu.... 12,340 13,780 13,800 13,850 
Softening temperature, 

Re su ebe cetetetiames 2203 2780 2510 

Weight per cubic foot, 

1 to 11/2 in. size, lb.. 44 44 42 43 
Pounds of fuel per 

pound of combustible «* 1.37 1.22 1.22 1.22 
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passing through the center would be reduced; this further re- 
duced the rate of burning and allowed more closing of the spaces. 
As the air rate was maintained constant, that passing up the 
sides would be increased, or sometimes a hole or channel would 
develop along the sides which might be straight, but usually 
had a somewhat spiral form. 

At some rate of air supply the bed burned uniformly and 
acted in the same manner as the cokes. Tests could not be made 
with the rates close enough together to determine the exact 
rate at which this change occurred, but it appeared to be com- 
paratively sudden, as would be expected from the cumulative 
action referred to. A uniform burning can be interpreted to be 
such a rate of air supply over the surfaces that all volatile matter 
is burned as soon as it is evolved, or in which the rate of burning 
is greater than the rate of swelling. 

Good data could be obtained in the tests in which the rate of 
air supply gave equilibrium burning, but in the tests below this 
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rate there was no certainty as to the air rate to use for the ignition 

except that it should be lower than that of the known air sup- 
plied; also, the rate of burning obtained from the gas analysis 
was not that of the whole fuel bed. 

All the coals were crushed and screened over square mesh to 
definite sizes; some of the sizes used were larger than would ever 
be employed in underfeed stokers, but it was desired to obtain 
data which could be compared with those of the cokes to facili- 
tate generalization. 

: Table 2 lists the properties of the bituminous coals tested. 
-. When different sizes were used, the analyses differed somewhat, 
but not enough to affect comparisons of the results. 

Underfeed Burning, Illinois Coal. The Illinois coal was 
tested last, but it is discussed first because its caking properties 
are lower than those of the Pittsburgh coal and the tests were 
more complete. 

Fig. 13 shows the results with two sizes of coal without pre- 
heat. The heavy lines indicate the rates with which equilibrium 
burning occurred. The actual data for rates below equilibrium 
burning are given, but, as explained, these values are associated 
with the test furnace used and include the factor of the clogging 
of the bed by the caking. 

The plot is exactly similar to Fig. 7 for high-temperature coke, 
and the same deductions as made for coke apply; namely: 
(1) decrease in size increases the rate of ignition; (2) decrease 
in size decreases the thickness of the fuel bed; (3) there is a maxi- 
mum rate of burning which cannot be exceeded, which was 32 
Ib for the 1 to 11/2 in. size, as compared with 35.5 lb for the 
high-temperature coke. 

It would seem that the rate of ignition tends to decrease with 

very high air rates, similar to that which occurred with high- 
temperature coke but to a lesser degree. 
. Fig. 14 shows the results for the 1 to 1'/2 in. Illinois coal with 
various preheat temperatures. Again, the general plot is similar 
to Figs. 10 and 12, and the increases in the rate of ignition by 
the preheat are of the same order. 

The light line designated as rate of burning has not exactly the 
same meaning as it had in the plots of the coke tests; rather it is 
the dividing line between non-equilibrium and equilibrium burn- 
ing, as fixed by there being no clogging of the bed by caking. 
This means that the tar that is exuded from the pieces of coal is 
consumed as fast as exuded, or that the rate of burning at the 
surface counteracts the swelling. Thus the coal acts as a free- 
' burning fuel, and the area of the figure which is designated as 
-_ equilibrium burning could be called the free-burning area. 

A test was attempted with 400 F air temperature; it will be 

seen that the point for the test falls to the left of the equilibrium 

line. The test started out well, but when the ignition line had 

fallen 20 in., almost suddenly the bed clogged up tight and no 

air could be forced through it with the pressure available. The 
rate of ignition given is approximate. 

It is obvious that if the caked fuel had been broken up as 
quickly as it was formed, the light-line curves would have been 
swung to the left and the shapes of the curves would have been 
more similar to those for the cokes. 

The dotted parts of curves for the thickness of the live-fuel 
bed indicate non-equilibrium burning; the thicknesses for equi- 
librium burning fall approximately on a common curve 

Underfeed Burning, Pittsburgh Coal. This being the first 
bituminous coal tested, attempts were made to improve the 
method and procedure. To obtain accurate data on the non- 
equilibrium burning, it was necessary that the air supplied 
should pass uniformly through the area of the bed instead of 
being diverted to the sides by the caking. Attempts were made 
to insure this by increasing the resistance of the bed at the 
sides by packing it with small-sized coal, so that the coal being 
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tested formed a core 16 in. in diameter with a ring of fine coal 
around it 2 in. thick; it was accomplished by using a sheet- 
iron cylinder 16-in. in diameter and 12 in. long, and gradually 
building up the bed. 

This kept the center of the bed more open, but it did not en- 
tirely eliminate the clogging, and the small coal at the sides 
also burned out more rapidly or channels were formed. How- 
ever, this method did increase the rate of ignition in the low-air- 
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rate, non-equilibrium area as much as 100 per cent. As would 
be expected, it made little difference in the equilibrium area 
but increased the ignition rate a little, both because of the effect 
of the small-sized coal and because, even with a non-caking 
fuel, there is always less resistance to air flow at the sides. 

Numerous tests were made with the Pittsburgh coal, the ma- 
jority with small fuel at the sides. Fig. 15 shows plots of most of 
the tests, both for different sizes of fuel and for different air 
temperatures. The order of the results is the same as for the 
Illinois coal; with the same-sized coal, 1 to 11/2 in., the maxi- 
mum rate of burning possible without preheat was higher, 43 to 
32 1b; with 300 F air temperature, the maximum rate of burn- 
ing was about the same, 61 Ib. As before, the rate of ignition 
decreased with increase in size; the sizes were carried to the 2 
to 21/, in. sereen. 

There is no common line fixing the area of equilibrium burn- 
ing; those drawn in the plot can be considered only approxi- 
mate. It is certain, however, that the line is further to the left 
for the smaller coals; this can be interpreted to mean that the 
openings between coal pieces can be kept clear more easily as the 
size of the coal decreases. Knowing that it occurs, an explana- 
tion can be given, but one’s first guess would probably be the 
reverse. 

There is no necessity to discuss the results of Fig. 15 in detail. 
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Underfeed Burning, Splint Coal. Splint coals differ from other 
bituminous coals in that they do not fuse when heated. On the 
other hand, they exude their volatile matter as a tarry substance, 
which will tend to fill the air spaces. It is not known whether 
splint coal is used on large underfeed stokers, but it has been 
used in domestic stokers. The coal was not specially obtained, 
but was tested because it was available and because it had 
distinctive properties. 
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All tests were with 1 to 11/2 in. size, the temperature of the 
air being varied. Fig. 16 shows the result. All tests are for 
beds packed with small coal at the sides, except the two tests 
indicated by crosses. Thus tests A and A’ are duplicates, ex- 
cept that the latter had no packing; their positions indicate the 
order of the difference obtained by the two methods. 

The results show the,same relationships as for the other fuels, 
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but the line fixing the equilibrium area is further to the left, 
thus giving a larger equilibrium area. The maximum rate of 
burning possible without preheat is decidedly greater than the 
rates for the other bituminous coals, being 51 Ib as against 42.5 
Ib for the Pittsburgh. However, the increase in the rate of burn- 
ing by the same preheat is about the same as for the Illinois and 
Pittsburgh coals. 

At non-equilibrium rates this coal burned around the sides, 
leaving a solid pillar of coke in the center. It would seem that 
the tarry matter filled up the spaces and coked, but the whole 
coked mass did not tend to open up cracks as much as in the other 
two coals, and thus little if any air passed through the center 
mass. 

A test on this coal was also tried at 412 F air temperature and 
a rate of 535 lb of air. It burned for a time and indicated a 
rate of ignition of about 100 lb; it then clogged up very rapidly, 
but not so quickly as did the Pittsburgh coal at 400 F. This 
clogging would be expected, because Fig. 16 shows that the point 
of operation used lies outside the equilibrium area. 

Summary of Underfeed Tests. There is no necessity to make 
a detailed summary, nor at this time will this method of test 
as a means of determining the burning characteristics and of 
comparing fuels be discussed in full. There is one character- 
istic important in the operation of stokers which the method 
does not measure—namely, the ease of breaking up the caked 
or coked masses. It can be imagined that this quality is com- 
pounded of tensile strength and brittleness as measured by 
elasticity. 

The results justify the method of attack used of thoroughly 
testing high-temperature coke first, as the clear view-point this 
gave of the relations between quantities, set a standard for in- 
terpreting results with fuels which were more difficult to test. 

Because the fuels had been in dry storage, their moisture con- 
tent was low. Some study of the effect of moisture on the rate 
of ignition is of interest. 


REACTIONS IN AN UNDERFEED FUEL BED 


It was desirable to have records of the reactions in fuel beds 
burning on the underfeed principle that would show the same 
data as does Fig. 2 for overfeed. These tests involved some diffi- 
culties because the zone of burning is moving, but complete 
data were obtained for the high-temperature coke and for the 
Illinois coal, the latter including tar and soot determinations. 

The complete results are not given in this report; they present 
a good picture of what occurs in the bed and how the ignition 
progresses. The following are some of the conclusions one can 
deduce: 

(1) In an underfeed bed heat is abstracted from the lower 
part of the burning zone to heat up the incoming fuel so that re- 
actions all through the bed lag because of this abstraction of 
heat. 

(2) In an overfeed bed the heat required by the incoming fuel 
is not abstracted until the reactions through the bed are com- 
pleted; although the same quantity of heat is required as with the 
underfeed, and the temperature of the outgoing gases is lowered, 
yet this does not affect the reactions in the bed below. 

(3) The fact that the fuel is being heated up and is of a larger 
size at the ignition end of an underfeed bed reduces the rate of 
reaction, or, in other words, lengthens the time required for the 
same total reaction more so than for the overfeed bed, where the 
rate of reaction is very slow, as is shown by Fig. 2. 

(4) Consequently, for the same rate of air supply, and the same 
weight of combustible per pound of air carried by the exit gases— 
that is, the same rate of burning—the equilibrium depth of an 
underfeed bed will be greater than that of an overfeed. 
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To give an idea of the burning of the underfeed bed when 
using high-temperature coke, the dotted curve was added to 
Fig. 3; the rate of air supply in the underfeed tests was the 
same as that in the overfeed. The relative positions of the 80 
F, curves illustrate the foregoing conclusions. 

That the process of ignition hampers the burning in an under- 
feed bed was shown in a number of tests made at air rates for 
which the rate of burning was less than the rate of ignition, and 
the thickness of the live bed was continually increasing; in these 
tests the rate of burning was approximately constant when the 
plane of ignition reached the grate. When it reached the grate, 
and there was no more fuel to ignite, the rate of burning in- 
creased very rapidly, although the air rate was not changed. 
This increase with the cokes was sometimes more than 50 per 
cent; with the bituminous coals there was sometimes no in- 
crease, because at low rates the burning was not uniform over 
the area of the bed. 

Evidences of this action should occur in stokers; when at low 
rates the coal feed has been too rapid, and it is stopped, then the 
boiler output may be expected to rise temporarily. 


APPLICATION OF RESULTS TO UNDERFEED STOKERS 


Some deductions on how the experimental burnings are related 
to the actions which occur in the fuel beds of underfeed stokers 
have been suggested in the previous part of this report. All 
the tests were made with unrestricted ignition, and it was shown 
that the burning which results is the maximum which can occur 
with each rate of air supply, and that with a given rate of air 
supply a restriction of the rate of feed below its corresponding 
rate of ignition will result in a thinner fuel bed and a rate of 
burning equal to the rate of feed, together with a reduced re- 
quirement for secondary air. 


Coking [j= Equilibrium or free burning area 
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Fig. 17. DraGRAM OF OPERATION 


It also was shown that the main difference between overfeed 
and underfeed burning is that, with the former, the rate of burn- 
ing can be increased indefinitely, provided the fuel is not blown 
out of the bed, but with the underfeed, there is a limitation to the 
rate fixed by the rate of ignition. 

No attempt will be made to picture completely what goes on 
through the length of the fuel bed of a large underfeed stoker, 
because that would necessitate defining the paths of the various 
streams of incoming coal and the distribution of the air. Pre- 
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sumedly some coal may have a superimposed vertical motion, 
and undoubtedly even in the same stoker the actual paths will 
not be the same at all rates and with different coals. In ad- 
dition, the distribution of the air flow through the coal will de- 
pend on the caking and on how the caked coal is broken up by 
the motion. However, one can draw some conclusions as to 
possibilities, especially for rates of burning near the limit of the 
ignition rate, because this is the range covered by these tests. 
Considering Fig. 17, the line ab corresponds to the heavy lines 
of one of the figures for bituminous coal, and it gives the rate of 
burning with unrestricted ignition in a quiet (that is, unagitated) 
fuel bed; because a caking coal burns as a free-burning fuel along 
this line, presumedly the burning would not be changed much if 
the bed were agitated. Considering still the unagitated bed, 
and assuming that one is operating at the feed and air rates of 
point a, if one began to restrict the rate of feed and to reduce it 
below the ordinate of point a and at the same time to reduce 
the air rate just enough to maintain the non-caking or free- 
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burning condition, then probably one would move along some 
curve af, although this suggestion is not based on experimental 
data. Therefore, with a non-agitated bed, operation anywhere 
in the area fab would be free burning. 

Assuming that the bed were agitated enough to keep the fuel 
pieces free from each other, then the curves for unrestricted ig- 
nition would be similar to those for non-caking fuel, such as cdb 
and edb; it follows that with a restricted feed, operation with 
an equilibrium bed would be possible anywhere within the area 
cdb. 

These deductions are based on the assumption that the air 
passes through the incoming coal and keeps it cool; if it did not, 
and if the coal were heated up and coked before it reached the 
air stream, then, unless this coke were broken up, the deductions 
for the non-agitated bed would not hold. 

One has to use more imagination when trying to picture a 
cross-section of the fuel bed of an actual stoker, but one is on 
safer ground if the stoker is operating at the limit of its ignition 
rate—that is, on the line db of Fig. 17 for an agitated bed. Fig. 
18 represents a section of a stoker operating at maximum rate, 
but on the assumption that the fuel is moving vertically. 
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Assume that the coal feed has brought the ignition plane to the 
position AB shown in the left-hand half; then the conditions of 
ignition are the same as those of these tests, and the same values 
should apply. The rate of air supply per square foot would be 
fixed by the area of the surface AB, and the rate of ignition by the 
ordinate of the point on db of Fig. 17 which corresponds to the air 
rate. If the coal feed were reduced for a time so that the 
ignition line fell to what would probably be the line CD of 
the right-hand half of Fig. 18, then the average air flow through the 
ignition plane would be reduced, although the total air was not 
changed, and the measure of the ignition rate would move along 
the line bd of Fig. 17; as it approached d, the rate of ignition, and 
consequently the rate of burning, would decrease. With a fixed 
rate of coal feed and air supply, it is probable that the plane of 
ignition would find some position along the height of the air 
slot which would produce equilibrium. 
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Fie. 19 | Propaste Norma Action 


As one tried to push the output by increasing the coal feed, 
it can be conceived that the line of ignition might be raised to 
EF with the top of the bed as shown dotted; because this in- 
creases the area of ignition, a corresponding increase in the 
maximum rate of burning would be possible. 

It must be recognized that in all these illustrations there is 
no question about the ability to burn the coal; as long as one is 
operating, for an agitated bed, along the line db, the rate of burn- 
ing for any rate of air supply could and would be limited only by 
the line dg if it were not that it is limited by the rate-of-ignition 
line db. It does not matter whether the stoker is a simple pot, 
which was the type used in these tests, or whether the fuel flows 
over the side, as is represented in Fig. 18; with continuous oper- 
ation the height and shape will adjust themselves to give a rate 
of burning equal to the rate of ignition. 

Although non-caking fuels are not burned in underfeed stokers, 
yet it is of interest to extend the argument of the last paragraph 
to what would occur at,low ratings. If a non-caking fuel were 
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being burned under conditions represented by Fig. 18, and if 
the rate of air supply were less than that of point d of Fig. 17, 
under continuous operation the ignition plane would find some 
level like CD of Fig. 18 which would make the rate of ignition 
equal to the rate of burning. If in Fig. 17 the total quantity of 
air supplied is om, the quantity passing through the ignition 
plane would be on and that above the ignition plane mm. 

In the foregoing discussion of the ignition in an agitated bed 
it was assumed that the caked or coked coal is well broken up by 
its movement. This will not occur with a good caking coal, 
and the motion will split the mass into relatively large pieces. 
The result will be that most of the coal will not come in contact 
with air until it has been coked and that most of the actual 
ignition will occur at the surfaces of the large coke pieces. Fig. 
19 presents such a conception. Because of the large size of the 
pieces of coke, the equilibrium depth of the bed must be greater 
to allow enough area of the surface of the fuel for the reactions 
to occur. The fuel around the air slot will be consumed more 
rapidly, thus undermining the coke mass so that it may fall over. 

At low rates of coal feed for which the point of operation would 
fall well below the line cd of Fig. 17, the rate of ignition would be 
large compared with the rate of burning. The ignition line would 
sink as low as it could, but it could not go below the air-stream 
line; however, the coal below the ignition line would be heated 
by radiation and conduction and would not be cooled by the air 
stream, and consequently it would coke and its volatile would 
rise into the air stream. Although the volatile would be ignited 
and burned, yet the remainder of the coal, or the coke, cannot 
be said to be ignited until it rises and its surface meets the 
air stream. If the conditions are as conceived in Fig. 19, there 
is no definite plane of ignition, but at low rates the actions will 
undoubtedly be somewhat as depicted. It would be under such 
conditions that the coking qualities of the coal and the agitation 
it gets would be of the most importance in determining the fuel 
bed that would result. 

The following generalization on large stokers is probably 
warranted. The more usual mode of operation as represented 
by a humped fuel bed implies that the type of bed is an enlarge- 
ment of that represented by Fig. 19, with possibly a small part 
as represented by Fig. 18. This will mean that a deep bed will 
be required to present a large enough surface area of coke for 
the ignition and burning actions. A type of bed as advocated 
by Mr. Houghton’ is premised on a design and on a method of 
operation which will distribute the plane of ignition over a larger 
area of the bed, so that more of the action will correspond to 
that represented by Fig. 18. This mode of operation should 
permit of more even distribution of the air, result in a thinner 
fuel bed, and the composition of the gases arising from the fuel 
bed should be more uniform; one would also expect that the 
bed can be better controlled to make the analyses of these gases 
conform more nearly to the average desired, and to require less 
mixing of the gases in the combustion space. 


Errecr or unt $1zp In UNDERFEED STOKERS 


The effect of the size of the coal pieces on the burning in a 
stoker will depend on the rate of burning. When working at high 
ratings, as illustrated by Fig. 18, a decrease in size will permit of 
an increase of the maximum rating possible, of course neglecting 
limitations to the quantity of air that can be forced through the 
bed because of increase in resistance with decrease in size. When 
working at low ratings in which masses of coke are formed, the 
first. effect will not come into play, and then it can be presumed 
that the effect of size will be that larger sizes will give a better 
chance for the air to penetrate into a mass when it is only partially 
fused together and is not fully coked; this will mean that the 
mass will be partly burned, and therefore more open and fragile. 


FUELS AND STEAM POWER 


E¥rect oF PREHEAT IN UNDERFEED STOKERS 


The results of the use of preheat with underfeed stokers have 
been described in a number of papers by operators, and the sub- 
ject has also been debated extensively. It is therefore worth 
while to attempt to interpret the results of these tests. The 
argument will be itemized. 

(1) Neglecting the effect of ignition and considering only the 
effect of preheat on a fuel bed of a given depth, the tests show that 
the additional heat contained in the preheated air is utilized 
partly in increasing the rates of reaction in the fuel bed—that 


|, is, in increasing the rate of combustion for the same air rate— 


and partly in increasing the temperature of the gases leaving the 
fuel bed. The partition of the total heat into these two portions 
will depend on the depth of the bed, but approximately it can be 
said that 50 per cent goes to each action. 

(2) As a result of item 1, there will usually be more CO in the 
gases, and more secondary air will be required. 

(3) Presumedly the higher temperature of the gases leaving 
the fuel bed will tend to cause better combustion in the com- 
bustion space, but as this increase is added to an already high 
temperature, it is questionable whether the benefits gained be- 
cause of the increased temperature of the gases from the pre- 
heat will offset the disadvantage that there is more CO in the 
gases, and thus more secondary combustion action is required; 
moreover, the available higher temperature of the top of the 
fuel bed and the gases will be lowered because of the increased 
radiation to the water surfaces. Such questions could only be 
settled by tests, but the variations to be determined would usually 
be less than those of operation. 

(4) It would thus appear that preheat will give only limited 
assistance to the combustion. This does not, of course, affect 
its value as a means of producing an increased over-all economy 
of the system. 

(5) The tests showed that the outstanding effect of preheat on 
all fuels was that it increased the rate of ignition; for example, 
based on normal air temperature of 80 F, preheating the Illinois 
coal increased the maximum rate of ignition 35 per cent for 200 
deg and 85 per cent for 300 deg. For Pittsburgh coal the increases 
were 19 per cent for 200 deg and 43 per cent for 300 deg. 

(6) It would therefore appear that the most useful function of 
preheat is that it permits of a higher rating being obtained and 
that a moderate preheat will materially increase the range of 
output. 

(7) No attempt has been made to suggest the position or shape 
of the ignition plane in the complex fuel beds of large stokers. 
Still confining our argument to high ratings, for which the ignition 
would correspond in principlé to Fig. 18, it would seem that the 
quantity of preheat will influence the position of the plane of 
ignition and might to some extent be used to control it. 

(8) Because preheat increases the rate of ignition, if the pre- 
heat used produces a rate of ignition greater than that required 
for the rate of burning, then it will in general tend to bring the 
burning nearer to the metal work of the stoker. Consequently, 
the burning of stoker parts with preheat may be directly due, not 
to the increase in temperature because of the added heat, but 
because the burning of the fuel is nearer to the metal. It would 
therefore appear that troubles might be lessened by reducing 
the preheat temperature if it is higher than that required to 
give the rate of ignition necessary for the rate of burning. 

(9) In this investigation it was not possible to make a success- 
ful test with 400 F preheat, whereas higher temperatures have 
been used in service. This is no anomaly, because the method 
of test necessitated heating up the whole of the coal used and 
maintaining it at the full temperature for one hour or more. 
In service the coal will not be heated materially until it meets 
the air stream. 
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(10) It is difficult to suggest any advantages because of im- 
provements in burning characteristics resulting from the use of 
preheat at low rates of burning as represented by Fig. 19. The 
coal will be more thoroughly coked, and the improvements must 
be found in the actions covered in items 1, 2, and 3. 

It is recognized that the pictures suggested in the foregoing 
may not be in agreement with what occurs in a large stoker. A 
much larger proportion of the coal may be heated, lose its vola- 
tile, and be coked before it meets an air stream. The pictures 
may, however, help those who operate such stokers better to 
analyze what actually happens. 

One could use the experimental data of this paper to deduce ap- 
proximations of the thickness of fuel bed that would occur and the 
secondary air that would be required for various assumed con- 
ditions. However, such data can be reliably obtained only by 
experimentation with each type of stoker and of coal, and the 
usefulness of the data presented in this report is limited to pre- 
senting a picture which may help in explaining what has been 
found to happen or in suggesting the causes of troubles and pos- 
sible methods for alleviating them. 


IGNITION ON CHAIN-GRATE STOKERS 


As pointed out in connection with Fig. 4, the length U (the 
ignition part) of the bed of a chain-grate stoker is burning on 
the underfeed principle; the ignition is by radiation. In the 
tests of this report the top of the bed was ignited by a layer 
consisting of 11/2 lb of charcoal and 2 lb of petroleum coke, both 
wetted with kerosene; the fan was started as soon as the kero- 
sene was alight and was at once brought up to the air rate to be 
used in the test. There may be a question as to whether this 
type of ignition is the same as that by radiation, but there can be 
little difference except in the rate at which the temperature of 
the top surface will rise; this will also vary in furnaces, both with 
type and with rate of operation. 

The time required for the ignition plane to travel down the 
first 4 in. or more would correspond to the similar action on the 
chain-grate stoker; compounding this rate with the speed of the 
grate gives the slope of the ignition plane. 

The test data on this phase have not been analyzed completely; 
in general, they show that the rates of ignition for the upper 
part of the bed are of the same order as those given by the curves; 
the rate of air supply, the size of fuel, and the preheat affected 
the rates of ignition in the same manner, but not to the same de- 
gree. The effect of the caking of the coal at low rates of air 
supply is of interest; caking does not affect the rate of ignition 
for about the first 4 in. of depth, but below that the bed appar- 
ently cakes enough to lower materially the rate of travel of the 
plane of ignition. This phase may be investigated further by 
using shallower beds, corresponding to those used on chain- 
grate stokers. 


PERSONNEL AND ACKNOWLEDGMENTS 


This investigation was conducted under the authorization of 
Mr. O. P. Hood, chief engineer, Mechanical Division, U. 8. Bu- 
reau of Mines. Mr. D. T. Rosenthal, junior fuel engineer, as- 
sisted in the investigation from its beginning. Acknowledg- 
ments are given to the Philadelphia Coke Company, which 
supplied the coke used for the overfeed tests, and to Havenson, 
Alford & Hicks, Pittsburgh, Pa., which supplied the splint coal, 


Discussion 
Bert Hoventon.! This paper is worthy of careful con- 
sideration because it presents a study of the fundamental re- 


11 Operating Superintendent, Brooklyn Edison Company, Brook- 
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actions which take place within the fuel bed, and while the in- 
vestigations were made on a small experimental furnace, the 
authors have been able to set up certain basic principles and to 
. apply them in their conclusions to large underfeed-stoker oper- 
ation. 

The processes that take place within the fuel bed of a large 
underfeed stoker are of considerable importance to the stoker 
operator, and while again the authors had made a majority of 
their runs using high-temperature and low-temperature coke 
in graded sizes (and in this respect the results are not com- 
parable with stoker operation), the principles of combustion 
which they were able to investigate in their small closely con- 
trolled furnace have no doubt a certain relation to plant prac- 
tise. , 

In the underfeed tests the curves showing the variation of the 
rates of ignition and burning with air flow are significant. The 
fact that the rate of ignition reaches a definite maximum with 
any given fuel and primary air temperature indicates that there 
are definite limitations on the coal-burning capacity of any under- 
feed stoker which depend on the individual design. The marked 
increase in ignition rate with increased preheat temperature 
would, at first glance, appear to offer a very valuable method of 
increasing the burning capacity of a stoker, but, as the authors 
point out, other factors work to limit the usefulness of preheated 
air. Our experience with stokers using preheated air has been 
that the plane of ignition of the coal is much closer to the metal 
parts of the stoker, which explains the excessive burning of stoker 
castings found with stokers using preheated air. Furthermore, 
we have experienced excessive secondary combustion resulting 
from the high CO content of the gases leaving the fuel bed. 

In discussing the principles of operation of large underfeed 
stokers, it cannot be too strongly emphasized that an ideal fuel 
bed is one which is relatively thin, homogeneous, and porous. 
In such a case the air distribution is even and combustion prac- 
tically complete in the furnace itself. As the authors point out, 
a greater effective plane of ignition is obtained. It is of course 
obvious that the ideal fuel bed is one in which the burning rate 
is uniform over the entire area. This condition, we have found, 
is most nearly attained by the use of a thin fuel bed and a high 
furnace draft. High draft improves air distribution through the 
fuel bed, and also assists in the dissipation of heat, with a con- 
sequent elimination of excessive temperatures. Lower fuel- 
bed temperatures will reduce volatilization of the ash, slagging, 
and furnace-wall maintenance. 
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Our experiments on underfeed stokers burning bituminous 
coal have not been as detailed as those that the authors were 
able to carry out on their small stoker, but it is indeed interesting 
that some of the principles that we have made use of in stoker 
operation are confirmed by the authors in their work. They 
are to be commended for their contribution. 


E. G. Battey.!2 This paper lies closer to the fundamental 
principles of burning fuel in solid form on grates than any that 
has yet been published, to the writer’s knowledge. Had such 
work been done earlier in the history of fuel burning, there is no 
question that a great deal would have been gained toward more 
efficient and more nearly smokeless combustion years ago than 
has been the case. 

Even though this paper comes rather late in the experience 
of some of us in burning fuel on grates and stokers, it is still very 
opportune for those who have this problem in hand in assisting to 
define the limitations, especially with respect to rates of combus- 
tion that can be expected from different methods of feeding solid 
fuels to grates. 

This is the kind of research work which I think the U.S. Bureau 
of Mines should do, and I understand from Mr. Nicholls that 
much more data have been collected than are presented in this 
paper. It is to be hoped that all of this research can be made 
available. 


AvurHors’ CLOSURE 


Although the subject matter of the paper is relatively simple, 
yet it requires rather close study to follow the arguments; con- 
sequently much detailed discussion was not expected because of 
the short time the paper has been available. It is hoped that 
this attempt to formulate principles will be supplemented by 
those who are associated with stoker design and operation; no 
data are available at present on the motion of the streams of coal 
in the fuel bed, or their dependence on the properties of the coal. 

There is, however, room for considerable more work of the 
type reported in the paper; in particular, studies are required to 
determine whether this method of testing could be used to mea- 
sure the relative burning characteristics of coals closely alike, 
and whether these measures could be used to predict their 
characteristics or peculiarities when used in stokers. 


12 Vice-President, Babcock & Wilcox Co., New York, N. Y. Mem. 
A.S.M.E. 
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The Economic Significance of Replacement 


Cycles in Demand 


’ By THOMAS M. McNIECE,! NEW YORK, N. Y. 


For many generations, the even flow of trade among 
peoples has been interrupted by recurring depressions. 
Abnormally high levels of commerce have always preceded 
the serious declines. It is neither logical nor sufficient 
to explain a disastrous decline in business by stating 
that the levels before the decline were too high and char- 
acterized by excessive inflation. What produced these 
latter conditions? 

This study is concerned not only with the periods of 
enforced retrenchment but also with those eras of high 
business levels which invariably precede them. The effort 
has been made to discover and isolate the underlying 
causes of these recurring fluctuations. By underlying 
causes is meant the initial influences, invisible and un- 
determined at the time, which set in motion the multi- 
tude of powerful and obvious forces which are almost 
instantly transformed into potent sources of further 
change. The only consistent or normal characteristic of 
business trends is constant change. 

It cannot be seriously doubted that the various indexes 
of business and the paths described by them are but the 
composite results of many components. Why, therefore, 
is it not logical to investigate the movements of general 
business by analyzing the fluctuations of its principal 
components? 


traced to their source and eliminated by determining 

the characteristics of each important component of the 
load. What are the dominating units in the many divisions of 
trade and production? 

The final objective of all productive enterprise of every kind 
is the satisfaction of individualistic requirements which in inte- 
grated form we know as “consumer demand.” There is no kind 
of so-called ‘producer goods” which is not made solely as part of 
the process of supplying the wants of individuals. The cost of all 
such production is normally and eventually borne by the ulti- 
_ mate consumer as part of the cost he pays for goods used by him. 


| Pease fluctuations in a power circuit can only be 


1 Industrial and marketing analyst, New York, N. Y. Mr. Mc- 
Niece was graduated from Case School of Applied Science in 1907, and 
was awarded his E.E. degreein1911. After some years’ experience in 
production of pumps, plumbing supplies, and sanitary enameled 
ware, he entered the employ of National Carbon Company, Inc., at 
Cleveland, Ohio. He was successively in charge of electrical re- 
search, production activities at Cleveland, and finally of plant and cost 
accounting for all factories of National Carbon Company. Later he 
assumed charge of the plant-accounting control division of Union 
Carbide and Carbon Corporation in New York City. Some years 
later he became manager of the sales record and research division 
of the National Carbon Company, coordinating the activities of market 
research, sales and distribution accounting, and budgetary control. 
This was followed by a period devoted to security analysis. Heis the 
author of articles appearing in various commercial and technical 
publications and has presented papers before a number of trade 
associations and professional societies. 

Contributed by the Management Division and presented at the 
Semi-Annual Meeting, Chicago, Ill., June 26 to 30, 1933, of Tue 
AMERICAN Socitpty oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Depreciation and obsolescence charges bring this about. Even 
that portion of such costs as may be at times charged off in some 
form of liquidation losses is borne by the consumer. All taxes 
direct or indirect are finally paid by this same individual. These 
elements embrace all costs and are all paid out of individual 
income. There is no other source. Since the cost of all producer 
goods is finally paid by the ultimate consumer, such cost is but 
part of the total he pays. It is difficult to conceive of the part 
assuming greater importance than the whole. 

Inasmuch as the individual pays all costs and since the ulti- 
mate objective of all productive and commercial effort is the 
satisfaction of individual wants, we may gain a good idea of the 
relative importance of basic activities by determining the pur- 
pose for which consumers’ major expenditures are made. Analy- 
sis of existing data upon this subject indicates that when weighted 
for the various groups within the different income classes in the 
United States approximately 70 per cent of all individual income 
is expended for the three essentials, food, clothing, and shelter. 
If to this large percentage we add the expenditures for auto- 
mobiles in this country, the total will be close to 75 per cent of 
consumer income. The Ministry of Labour estimates that, in 
Great Britain, 88 per cent of wage earners’ income is expended 
for food, clothing, and shelter. We therefore find that in the 
United States three-quarters of individual income which pays 
for everything is expended for these four important require- 
ments. This leaves but 25 per cent for the great variety of other 
expenditures and savings. It should be obvious at once that the 
combined influence of these four non-duplicating elements 
must govern to a great extent the movements of all business. 

What do we find when we analyze the trends of these four 
industries? These facts stand out: 


(1) No two of these industries follow the same path 

(2) No one of them describes with fidelity the trend of 
aggregate business as pictured by the various accepted 
indexes 

(3) When the four are combined on a weighted basis, the 
composite trend reproduces with significant fidelity the 
trend of aggregate business. 


In a sense this latter condition is the pivotal point of this 
study. Considering the great importance and differing char- 
acteristics of these industries, a logical and mathematical con- 
clusion may be drawn. Briefly it is that consumer demand, 
dominated by these four outstanding requirements, sets the 
pace for all industry. There are at least two analogous de- 
velopments of scientific acceptance and use that are well known 
and afford a basis for this reasoning. One is the analysis of sound 
waves into their simple components and the other is the similar 
resolution of electric voltage and current wave forms into their 
various component waves. 

In these two divisions of scientific endeavor it is accepted 
without question that the shape of a composite wave is due 
to the shape and relative importance of the individual compo- 
nents. Likewise, it follows that the contour of the aggregate 
business trend is due to the weighted contours of its components. 
It may be reasoned directly therefrom that if definite causes can 
be discovered for the varying and dissimilar performance of the 
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predominant industries, causes for the variations in the com- 
posite trend will have been determined. This study undertakes 
to develop these explanations. 

Business normally pursues a wave-like course with the passage 
of time. Used in its correct sense, the term “eyclical” may be 
applied to this progression. This is true of all industries. The 
use of the term “cyclical” does not imply waves of equal length 
but merely wave-like fluctuations that may or may not be 
equal in length or duration. While all industries are subject 
to cyclical fluctuations, some of them also manifest certain 
periodic tendencies, that is, they tend to follow a rhythmic 
variation in which the wave lengths or time intervals are approxi- 
mately equal. Due to certain fundamental characteristics 
inherent in them, the maintenance of periodic fluctuation is more 
constant in some industries than in others. As will be described 
later in this study, the reason suggested for the periodic char- 
acteristic of some industries is what we have termed the “re- 
placement cycle.” This is a phenomenon of demand that tends 
to reassert itself at intervals following some prior distortion in 
demand of sufficient magnitude to cause an appreciable dis- 
turbance. 

It is a fact set forth in the statistical history of the industries 
themselves that all of the four major industries analyzed in this 
study were simultaneously depressed in the period of 1920 and 
1921 and did not again reach this condition of common agree- 
ment in downward trend until 1929 and 1930. These years 
mark the last two major depressions. Intervening, were the 
milder depression of 1924 and the even milder one of 1927. At 
these times only part of these four industries were at abnormally 
low levels. In similar manner we find that the periods of extraor- 
dinary prosperity are marked by a general agreement in timing 
of the higher levels of the component industries. The conclusions 
suggested in no way minimize the importance of credit and other 
monetary questions affecting these situations. Increasing volume 
of business begets increased volume of credit, and declining 
volume of business forces liquidation commensurate with the 
severity of decline. We must explain this fluctuation in demand. 
In the replacement cycle, we have both a cause for, and an ex- 
planation of a variation in demand that is not induced by a 
prior change in income levels but which will actually precede 
such a change in income, either upward or downward. 

It should be clearly stated that in the prosecution of this study 
the first step was the accumulation of available, pertinent facts 
and the second was the interpretation of these facts. Out of 
this sequence were developed the conclusions set forth in this 
paper. The investigation was begun with no preconceived 
notions and with no predetermined conclusions to which the 
evidence was to be fitted. 

The question may arise in the minds of many that a study 
omitting such important industries as iron and steel and the 
railroads, for example, must be inconclusive. The answer to 
this does not depreciate the importance of these industries but 
rather defines their sequence in these economic movements. 
Important as they are, they still owe their very existence to the 
requirements of individuals. Of first rank in the sequence of 
movements are those industries which produce commodities 
actually used and consumed by individuals. The backbone of 
the iron and steel industries is the demand from the railroad, 
automotive, and building industries. The very life-blood of the 
railroads is the traffic flow engendered by the movement and 
consumption of goods in other industries. Neither the iron and 
steel business nor the railroads can show any improvement in 
their business levels without prior improvement in the industries 
which they serve. The iron and steel business may be accepted 
as a barometer of trade conditions, but the fact remains it is an 
averaging point for changes that precede it. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


If it can be ultimately shown that the repeated economic 
disturbances are largely the result of unobserved changes in 
individual demand induced by some prior major disturbance and 
that these initial, causative changes are due to thoroughly 
natural buying programs on the part of the great mass of the 
people, some of the bitterness should be eliminated from our 
consideration of constructive measures. Real remedies may then 
find expression in cooperative rather than antagonistic views and 
actions. 


Meruop or APPROACH 


The data utilized in this study are largely in index form. 
For this purpose the indexes of productive activity computed 
by the Federal Reserve Board for the food, textile, and building 
industries were used. The actual output of motor cars was used 
for the automotive industry. The first, second, and fourth 
are purely quantitative while the third, embracing contracts 
awarded, involves the element of value. This latter index is 
more commonly used. 

One modification, however, of the existing data was made for 
significant reasons. The period chosen as unity or 100 per cent 
for the Federal Reserve Board data embraces the interval from 
1923 to 1925, inclusive. Both the Federal Reserve Board and the 
Department of Commerce use this period as a basis for measur- 
ing trends. It is undoubtedly the longest period adopted as 
standard in this country for such extensive series of data as 
published by these two organizations. This interval or shorter 
ones are entirely satisfactory for tracing the paths of individual 
industries but are not long enough to measure accurately their 
relative importance with respect to each other. As an example 
of this, it may be said that the years 1923 to 1925, inclusive, 
were in an era of abnormally high building activity and to accept 
this level as normal for building involves an error when the 
concurrent levels of other industries are to be compared with it. 
It is also a fact that, if a composite wave length such as that of 
aggregate business is to be broken up into its components, the 
more rapidly fluctuating industries should be related in correct 
proportion to the longer wave taken as standard. For these 
reasons, the data previously mentioned were converted from the 
3-year base of 1923 to 1925 to the 10-year base of 1920 to 1929. 
This has the technical advantage of setting up as standard a full 
span of years between major depressions. 

This conception of the statistical problem suggests that the 
various statistical agencies, both private and public as they exist 
in this country, might do well to agree upon a common standard 
of sufficient length to provide adequate accuracy for all purposes, 
rather than to base their data upon such widely varying times 
and periods. This would greatly facilitate the comparative use 
of such data. 

In the indexes used in this analysis, the 10-year average for 
each of the twelve months of the year is used as 100 per cent 
and all points on the trends represent the activity for the corre- 
sponding months expressed as a percentage of the 10-year 
average for that month. Seasonal movements are thus elimi- 
nated or thoroughly minimized. Other and more extended 
methods involving a much greater expenditure of time would 
result only in refinements that would not affect the conclusions 
drawn. The various charts computed in this manner, therefore, 
show both secular trends and non-seasonal deviations therefrom. 
It is these non-seasonal deviations that become so highly sig- 
nificant in this work. 
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The outstanding characteristics of the trends shown by this 
data will be briefly summarized for each industry and will be 
illustrated in each case by charts. 
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Food Production. The trends in food production are shown 
by the first chart in Fig. 1. Food production maintains a sharp 
reversal in production from time to time but these fluctuations 
are irregular in timing and deviate but little from an average 
trend. This is to be expected as man must eat to live and his 
capacity and requirements are very uniform. The secular trend 
in this industry should properly show a slight upward inclina- 
tion to the right. It does not do so chiefly because it has not 
been adjusted for the gradual decline in recent years in the 
consumption of meats and grains and coincident increase in the 
use of fruits and vegetables. During times of economic stress 
there is always a reduction in the demand for the less essential 
foods and at the same time a decline in the amount of food 
thrown away. This naturally results in a slight decline in food 
production of some types. 

Textile Production. By far the predominant class of textiles 
is clothing. The second chart in Fig. 1 indicates the progress of 
this industry. This trend is very striking. The secular increase 
is definitely shown but the graph is chiefly significant for two 
other reasons. First, deviation from the average trend is much 
wider than that for foods and second, the variations are sharply 
periodic. It will be noticed that there are clearly depressed 
levels of varying intensity every other year. The low areas are 
in the even- and the high levels in the odd-numbered years. 
While the effect of the present depression has been to lower the 
level of operations, the sharp periodicity has continued to 
the present time. In other words, the peculiar periodicity has 
not been destroyed by the present economic crisis up to this time. 
While this index of production levels is based largely on spindle 
activity, the same oscillating trends are shown in number of 
people employed and wages paid. These are completely inde- 
pendent data that cover the whole industry. 

Building Construction. The third major activity of man is the 
provision of shelter for his family and his various pursuits. 
Building construction constitutes by far the greatest single 
class of man’s fixed assets which he himself produces. The 
third chart in Fig. 1 portrays the activity in this industry. 
This picture is characterized by an extremely irregular month- 
to-month movement, a rapid increase in trend up to 1926 fol- 
lowed by an even more rapid decline beginning early in 1928 
and by a wide divergence from the average. 

The irregular movements from month to month are to be 
expected from the highly individualistic and widely scattered 
nature of the business. The rapid increase in trend up to 1926 
calls for further explanation which will be given later. The 
wide divergence from average is also a subject for later discussion 
but it may be said that conditions of the industry make possible 
extreme activity at times to be followed by extensive recessions. 
Due to long structural life and the ability to “double-up” in the 
use of shelter, deferment of additional construction may con- 
tinue long after any real surplus of housing has disappeared. 

Residences should be considered solely as consumer goods for 
purpose of this analysis. Residential construction is such an 
important part of the total building program that the trend of 
the whole industry normally assumes that of the residential 
component. The importance of the residential division may be 
illustrated by the data in Table 1. These data show the im- 
portance of each class of construction regularly included in the 
statistics gathered by the F. W. Dodge Corporation. The pro- 
portions shown are based on totals of each class for the five- 
year period from 1925 to 1929, inclusive. 

These figures show that residential construction is virtually 
as large as the next three largest classes combined but this 
does not express the full measure of importance. The F. W. 
Dodge statistics on residential construction do not include 
the projects valued at, less than five thousand dollars each. 
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TABLE 1 RELATIVE BUILDING CONSTRUCTION VALUES 
IN 37 STATES 
Per cent 
of 

Class total value 
Rigaidential ote. - caer e pec tele al © eo ieee aan Re ots eatin ore AOS 
Public works and utilities ne 18.9 
COmmMerical soccer eee ch Ante retattin ste ipneseyel ot a gue reads ene eirate Reet 14.6 
Fn dustrial hoe. n iso careless tlesernsaiako me petaholi. A eet levadhiey sitepie 1g sce ageege tee 9.9 
Ys PRTC Steer | eine, ee Oe arc 4 Raa RoE Rinna em AN SESW A oc 6.3 
Socialtand recroationalises shades oles = enue terrianets tekaneraio ied 3.6 
Hospital and institutional 0 Dias} 
Religious and memorial.........----. +2 sees sere eee e eee ASP) 
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If these were included the ratio of residential to total construc- 
tion, conservatively stated, would be at least 55 to 60 per cent. 
The great importance of individual requirements in this tre- 
mendous industry is very significant. Incidentally, the extreme 
futility of attempting to initiate recovery by an increase in 
public-building construction should be indicated by the very 
small value of this class in a period of great activity in such work. 

The great irregularity in the trend of building construction 
during the relatively short period covered makes it difficult to 
draw definite conclusions regarding any trend toward periodicity. 
Standard Statistics Company, utilizing available sources of 
data, has compiled a statement covering probable annual build- 
ing construction based on contracts awarded in millions of square 
feet. These data are shown by them in adjusted series from 1900 
to 1930, inclusive. From this source the data shown in Table 2 
were derived. 

There is obviously a strong tendency toward a 3-year perio- 
dicity measured in annual terms only. This is apparent in years 
intervening both between successive peaks and successive 
valleys. In each case where the interval between peaks was 4 
or 6 years instead of 3 years there was an interrupting influence 
in the form of a business depression. These may be defined as 
the depressions of 1907, 1914, 1921, and 1924. The present 
depression is having the same effect and the extension of decline 
has been carried through the year 1932, making the longest 
decline in building construction since the turn of the century. 

Irrespective of cause, the effect of such depressions would be 
to retard construction and to interfere with any influences that 
might otherwise be at work. 


TABLE 2 PERIODS OF FLUCTUATION IN BUILDING 


CONSTRUCTION 
Intervening Intervening 

High difference, Low difference, Decline, Years of 
volume years volume years per cent decline® 

19056 nee 1908 te 18.6 3 

1909 4 1911 3 17.0 2 

1912 3 1914 3 14.4 2 

1916 4 1917 3 16.8 1 

1919 3 1921 4 Bi fal!) 2 

1925 6 1927 6 9.6 2 

1928 3 steiate ate as ae 


2 Annual basis only. 

+ Construction volume in 1906 was only 0.8 of one per cent less than that 
of 1905. If 1906 had chanced to be larger than 1905, the intervening differ- 
ence first shown between high points would have been three years instead of 
four, and under ‘‘years of decline”’ the first figure would have been two years 
instead of three years. 


There is another peculiar manifestation in these figures which 
calls for examination. Reference was made earlier to the rapidly 
rising trend in construction levels up to 1926 followed by the 
sharp decline beginning early in 1928 as shown by the third 
chart in Fig. 1. The data developed by Standard Statistics 
offer a means for further analysis. This series was smoothed 
by calculating a 3-year running average and plotting the averages 
at the middle year. The results of this are displayed in Fig. 2. 
The normal shown in this chart was calculated by Standard 
Statistics from the data as compiled by them. This chart shows 
two very striking and sustained peaks centering, respectively, 
in 1906 and 1926, that is, just 20 years apart. The peaks are so 
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evident that no real question as to their existence can be raised. 
The behavior of this trend and the interpretation to be made 
later suggest that the computed normal may be somewhat high, 
especially in the later years. This thought is also supported 
by the fact that the building normal as calculated is increasing 
materially faster than population in this 30-year interval. While 
population was increasing by 65 per cent, the calculated normal 
for building construction increased 130 per cent. A relative 
increase in building construction is to be expected but the differ- 
ence in this case seems too great. This has some significance in 
view of later interpretation. 

The trend of building construction shown in this analysis 
seems to be composed, since 1900, of two major waves some 20 
years apart superimposed on the top of which are ripples of a 
predominating length of 3 years. The immediate effect of de- 
pressions is to cause some deviation from this interval. It should 
be understood that this three-year period is assumed to be 
approximate in view of the fact that monthly data throughout 
this interval are not available. 

Automobile Production. With the development of our present 
mode of living and with the prevailing distribution of population 
and trade, individual transportation by motor car has become a 
necessity for many people. The automobile is one of the most 
widely distributed articles of high unit value and is predomi- 
nantly utilized in the transportation requirements of the indi- 
vidual. As far as this country is concerned, the automotive 
industry is one of man’s most important economic activities. 

Automobile production by years as reported by the National 
Automobile Chamber of Commerce is recorded in Table 3. 

In the foregoing table the combined production of cars and 
trucks is shown in order to indicate the full activity of the in- 
dustry. In general, the declines in a number of the years indi- 
cated would have been numerically greater if passenger cars 
only were listed. The passenger car is by a wide margin the 
predominating factor in the industry. 

While annual production is shown in Table 3, the fourth 
chart in Fig. 1 shows the trend of the industry by months from 
1918 to 1932, inclusive. The terrific non-seasonal fluctuations 
in this important industry are apparent at a glance. Table 3 
shows that the first decline in annual output in this industry 
was encountered in 1918. Since then declines have occurred at 
intervals of 3 years or in 1921, 1924, 1927, and 1930. The 
continued decline in 1931 and 1932 is the first time such a decline 
has exceeded one calendar year. The significance of these three- 
year fluctuations will be discussed later. 
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TABLE 3 PASSENGER CAR AND TRUCK PRODUCTION IN THE 
UNITED STATES 


Year Number Year Number Year Number 
1900 4,192 1911 210,000 1922 2,544,176 
1901 7,000 1912 378,000 1923 4,034,012 
1902 9,000 1913 485,000 1924 3,602,5402 
1903 11,235 1914 569,054 1925 4,265,830 
1904 22,830 1915 969,930 1926 4,300,934 
1905 25,000 1916 1,617,708 1927 3,401,3262 
1906 34,000 1917 1,873,949 1928 4,358,748 
1907 44,000 1918 1,170,686% 1929 5,358,414 
1908 65,000 1919 1,933,595 1930 3,354,870% 
1909 130,986 1920 2,227,349 1931 2,390,0002 
1910 187,000 1921 1,616,119% 1932 1,369,0002 


¢ Years of decline from prior years. 


Composite Trend of Four Industries. The foregoing summaries 
of the progress of individual industries are confined to a recital 
of facts determined in the manner described. Surely there can 
be no serious question raised regarding these facts. In order to 
emphasize the dissimilar trends of these industries, the four 
prior charts have been combined in one. In this combined chart 
each of the four trends has been slightly smoothed by three- 
month-running averages. The comparison is shown in Fig. 3. 

It is apparent at once that no two of these industries are 
following the same path and that no one of them agrees with the 
fluctuating trend of aggregate business as commonly pictured. 
It is also obvious that in 1920 and 1921 all of them were simul- 
taneously depressed and that this did not again occur until 
1929 and 1930. It is apparent also that there have been partial 
agreements in downward trends as well as complete and partial 
agreements in upward trends in the interval covered. 

It should be beyond logical question that during any period 
of common agreement in trend, either upward or downward, 
there will exist an extraordinarily strong stimulus to strengthen 
and extend the movement due to the increased interaction of 
the industries upon each other and the consequent influence on 
purchasing power. In other words, full phase agreement upward 
tends to create a condition of extraordinary prosperity while the 
same agreement downward will promote abnormal decline. 
This interaction which tends to be self-generating when under 
way and accumulative in its total effects may be compared to the 
phenomenon of “resonance” in electric circuits and in acoustics. 

It seems logical to suggest in view of the picture shown in 
Fig. 3 that if the prime origin of these economic movements 
resides in general problems of money and credit, the stimulating 
and depressing effects on the four industries should be more 
nearly simultaneous throughout the period. That this is not so is 
shown by the widely divergent peaks and valleys except at 
certain intervals. It appears equally logical to suggest under 
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this conception of trade movements that the individualistic be- 
havior of these industries may be due to other causes and, that 
the money and credit structure does not suffer and finally fail 
until a sufficient number of the all-important industries come 
into phase. Thus the stimulus gained from simultaneous up- 
ward trends engenders an extraordinary demand for credit 
which creates a heavy burden of debt, the orderly liquidation 
of which demands a continuance of trade at existing levels. 
The sudden recession in trade which always follows extreme 
heights begins, of necessity, at a high debt level. The satisfaction 
of these debts results in a liquidation that becomes for a period 
increasingly severe and under this strain the credit structure may 
crack. rt 

With these thoughts in mind it is in order to determine the 
result of combining the trends of the four industries. When 
this is done upon a weighted basis, approximating the pro- 
portions which the four components assume in the family budget, 
the composite trend shown in Fig. 4 results. For the purpose 
of comparison, the trend in “Production of Manufactures’’ 
as determined by the Federal Reserve Board is plotted to the 
same scale and base. This is a volumetric index and embraces 
a sampling of all the basic industries of the country included in 
the census of manufactures. In addition to three of the four 
industries embraced in this study it covers such industries as 
iron and steel, non-ferrous metals, chemicals and oils, rubber, 
leather, paper, ceramics, railroad equipment, and others. 

The close agreement between these two graphs, with such 
radically different components is obvious and of great significance. 
This accord is not due to preponderant weighting assigned to 
the four consumer industries in the Federal Reserve Board index. 
The latter index includes no component from building con- 
struction. This was assigned a weighting of 25 in the index of 
consumer industries, leaving a combined weighting of 75 for 
the remaining three industries. These same three components 
in the Federal Reserve Board index have an aggregate weight 
slightly under 31. It should therefore be clear that the 
agreement shown is not due to coincidence in weighting. If the 
Federal Reserve Board index was thus heavily weighted with 
these consumer industries it would be tacit admission of their 
outstanding importance. 

This agreement between these two widely differing indexes has 
been previously mentioned as the pivotal point in this study. 
It is of great scientific significance. The principles involved in 
the analysis and synthesis of harmonic and inharmonic wave 
forms have been widely accepted and used in the scientific 
world for years. As mentioned earlier in this paper, a striking 
analogy exists in the treatment of composite wave forms of 
electric voltage and current, and of sound. A sound wave is 
normally composed of a certain fundamental wave length upon 
which are superimposed a number of waves of higher frequency 
or shorter lengths. If this longer wave length is a multiple of 
all the shorter wave lengths included in the tone, the shorter 
waves are said to be harmonics of the longer and the result 
is a musical tone. If these shorter wave lengths are not exactly 
divisible into the longer, the relationship is inharmonic and the 
result is noise. The latter condition governs the aggregate 
business curve, a fact which is not inappropriate as this wave 
has certainly produced its full quota of noise. If these relation- 
ships were strictly harmonic their onset would be predictable 
with greater accuracy and the disturbance would assuredly be of 
even greater severity. 

Whether these relationships are harmonic or inharmonic, one 
fact of scientific acceptance stands out and this is that the 
outline or contour of the composite wave form is definitely due 
to the shape and relative importance of its components. A 
corollary of this is that those influences which are responsible 
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for the differing fluctuations of the components are inherently 
responsible for the movements or shape of the compound form. 

A clearer conception of the result of combining two periodic 
and symmetrical waves may be gained from Fig. 5. In this 
case the wave indicated by the heavy line is the resultant of 
the two waves of 2- and 3-year periodicities which are shown in 
full and dotted light lines, respectively. If undistorted by ex- 
ternal causes this wave would be repeated every six years. 

The problem then remains to discover the motivating in- 
fluences that result in the widely differing paths of the four 
dominant industries. 

Before proceeding further with this analysis, it will be well to 
develop briefly the relationship between production and demand. 
There is much misunderstanding and disagreement about these 
two divisions of economic endeavor. The statistics of the De- 
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partment of Commerce and of the Federal Reserve Board jointly 
include much valuable data on inventories and production. 
Unfortunately, there is relatively little information on sales or 
demand. Reference has just previously been made to the index 
of production of manufactures computed by the Federal Re- 
serve Board and which is plotted in Fig. 4. The Department 
of Commerce calculates an index of stocks or inventories of 
manufactured goods. The industries sampled in this case in- 
clude the same comprehensive list of basic industries as those 
used in the production index. These indexes may then, for the 
moment, be considered as comparable. Notwithstanding the 
lack of sales data, the existence of these two measures affords 
a thoroughly convenient means of securing the sales trend. 

The accuracy and significance of the following formula are 
obvious: Inventory; + Production — Inventory, = Ship- 
ments or Sales, where “Inventory;’ and ‘Inventory,’ are 
respectively the inventories at the beginning and the end of the 
month and “Production” is the goods added to inventories 
during the month. It only remains therefore, to apply these 
existing indexes to this formula month by month to determine 
the sales trend during the same interval. This has been done and 
the results are shown in Fig. 6. The vertical scale on this chart 
is double that used on the prior charts in order to magnify any 
existing difference between production and sales. It will be 
noted at once that production and sales are virtually inseparable 
in their irregular march over the peaks and through the valleys. 
This extremely close agreement in two highly fluctuating trends 
month by month through this interval of years would be utterly 
impossible if either of the indexes of production and stocks was 
seriously in error and it may be safely concluded, therefore, that 
the two are comparable as tentatively assumed. The secular 
trends of production and inventories are identical, which indi- 
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cates a uniformity in inventory control measured in terms of 
annual turnover. It is not the size of a plant which determines 
its output, but the load that is placed upon it. 

In view of this convincing relationship, what becomes of the 
need for a master planning control to balance production and 
demand? When all the mists are blown away, does it not come 
clearly to mind that one of the principal objectives of manage- 
ment these many years has been such a balance attained by 
planning, scheduling, and inventory control? Stock rooms are 
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search, we wish to inquire more closely into the characteristics 
of demand. 


CHARACTERISTICS OF DEMAND 


The term “demand” as used in this discussion is comprised of 
two components—desire, supplemented by the ability to pay— 
which together are translated into dynamic action or purchase. 
Such demand, based on the nature and use of the goods 
purchased, may be divided into producer and consumer classifica- 


not made with rubber shelves and if they were the bankers tions. All demand, both producer and consumer, may be di- 
130 —— = 
[at \ 
j eS 
2SBs 
Inventories. UH Spay 
f ; V, Pease ha 
A 4 55:8 
AN - ne [Hl ROR ST Te 
110 -—— gL [Ty wie +a 
aT! | [S385 
25s 
\y Sales ! S ou nS 


100 | 


90 


-- Production 
V/ 
| | 
70 / | : 
VJ Inventories 
RS Production 
o—_+—+ Sa/es i 
50 | + = ; 
| 
40 4 
1919 1920 ioen LeS 1923 1924 i925 1926 [927 1928 lo29 1930 193] 1932 Ne eres 


Fic. 6 CompaARISON OF PropucTION, INVENTORIES, AND SALES oF MANUFACTURED Goops 


would soon limit their elasticity. To suggest that production 
and demand in the broad economic sense are in balance in the 
great world of manufactures is not to say that some individual 
component never gets out of step. The ever-working laws of 
chance will usually smooth out such irregularities through com- 
pensating variations. 

One important interpretation to be made from Fig. 6 is that the 
agreement between production and demand is so close that the 
two are almost interchangeable. This means that the production 
indexes used in describing the trends of the four consumer 
industries are essentially equivalent to those of demand. This 
close agreement may also be taken as a measure of ability and 
practise on the part of an industry in following closely the pace 
set by its customer industries. This is an important considera- 
tion in the classification of industries to be mentioned later. 
With this picture of agreement between production and demand, 
we may revert to the problem of determining the causes for the 
highly individualistic beh&vior of the four industries. In this 


vided into two classes: namely, new or first-time and replace- 
ment. It will be advisable to define each. 

New or first-time demand emanates from those industries and 
individuals who come into the market for the first time for the 
commodities in question. / 

Replacement demand, for the purpose of this discussion, is 
composed of those purchases which replace similar commodities 
which have been worn out, discarded, or transferred to other 
users. 

It will be obvious upon a moment’s consideration that these 
two basic classes of demand may have widely varying importance 
in different industries. For example, the demand for clothing is 
overwhelmingly that of replacement; the demand for auto- 
mobiles is rapidly reaching this condition; while the demand for 
electric refrigerators is preponderately first-time demand. 

We have previously classified commodities into producer and 
consumer merchandise. Before proceeding further with the 
study of demand, still another classification of commodities 
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should be made. All commodities may be divided into two groups, 
perishable and durable. In the use of these terms in this dis- 
cussion, perishable commodities are considered to be those 
whose useful life is less than one year, while durable commodities 
are those which will last over one year. It is apparent that both 
producers’ and consumers’ goods are divisible into these two 
classes. We therefore find that demand, itself, is composed of 
producer and consumer requirements both of which embrace 
perishable and durable goods for which the demand is either first- 
time or replacement. The significance of this classification 
is that activity in demand and production follows the same 
principles in both consumer and producer industries and that 
these principles may prove to have great economic significance. 

The demand for short-lived goods is in some respects the sim- 
plest we encounter. This is especially true with regard to perish- 
able staples. Growing style influence and consciousness are 
transferring more and more goods from the staple to the style 
class with increasing difficulties in properly balancing supply 
and demand. This is also having no small part in the increasing 
flood of small orders. The trend of such demand, plotted against 
time as a base, instead of showing a relatively stable performance 
will rise rapidly from zero to some indefinite height and then 
decline more or less symmetrically to zero and before this time 
it usually will be supplanted by another style which repeats 
the cycle. 

The demand for durable goods in continuing use presents a 
totally different picture although such goods are in part subject 
to style influences. 

The natural growth trend for such goods is shown in Fig. 7. 

With the passage of time the total sales of a durable commodity 
in continuing use will normally follow the trend illustrated by 
graph A. Total sales after replacement begins is made up of two 
components, first-time sales to new buyers and replacement 
sales to former buyers. The total sales trend will set the pace for 
replacement sales at the expiration of the average life of the 
commodity before replacement. Therefore if the total sales 
curve be reproduced at a later interval equal to the average 
life before replacement, the trend of replacement sales will be 
indicated. This is shown by graph B. Original sales to new 
buyers are obviously the difference between total sales and re- 
placement sales. This difference is shown by graph C. This 
graph is particularly interesting because it shows the turning 
point and maximum value of original sales. 

As the life of any business is extended, its replacement sales 
will normally become of greater importance. The increasing 
percentage of replacement sales to total sales is shown by graph D. 
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It is obvious that with the passage of the years, a tremendous 
proportion of merchandise has attained a use that is pre- 
ponderantly replacement. In other words, the replacement 
market and any outstanding characteristics which it may assume 
will have great economic significance. There is a characteristic 
of the replacement market which may prove to be of first im- 
portance in our study of economic conditions. It is a phenomenon 
of demand. 

It may be assumed for the moment that the trend of demand 
for a durable commodity in broad general use for a long period 
of years will be reasonably uniform from year to year if not 
influenced by shortage of supply or lack of income at any par- 
ticular time. Since this discussion applies to a durable commodity 
in long-continued use, it will follow that the replacement demand 
is an important share of the total market. Suppose now some 
transient event takes place of such nature and importance 
that the supply or demand is seriously impaired; for example, 
our entrance into the World War. This immediately created 
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chaos in the automobile industry and reduced the output and 
demand for passenger cars in 1918 over 45 per cent below that of 
1917; the first actual decline in any year within the history of 
the business. Such an interruption means that a large number 
of original as well as replacement sales will be deferred until a 
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later time. However, this commodity under discussion is a 


durable commodity whose useful life in the hands of its original 
purchaser will be fairly definite because of wear and tear or ob- 
solescence in style or design. 

The serious decline in sales during the period of interruption, 
no matter what the cause, means that at a later time equal to 
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the prevailing life of the commodity before replacement, another 
decline will be induced. This follows because the number of 
units of the commodity to be replaced during the subsequent 
period will be less than normal by the amount of the enforced 
decline in the prior period, but this decline is only a deferment, 
not an elimination. When normal conditions return, the usual 
replacement for that period will occur on schedule but to that 
quantity will be added the deferred buying from the prior period 
which will carry the total demand above the prior uniform trend. 
Thus a decline in demand is followed by a resurgence which 
carries the total above any prior levels and a period of depressed 
demand is followed by one of super-normal magnitude. The 
commodity, however, still possesses the same useful life which 
means that replacement which is an important share of the total 
demand will in subsequent years tend to follow the same surging 
pattern. This is illustrated diagrammatically in Fig. 8 in which 
the life of the commodity before replacement is assumed to be 
two years. In this illustration sales made in the year A are 
normally due for replacement in the year A’ and sales made in 
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the year B are likewise due for replacement in the year B’. 
This progression of demand will carry forward into the years 
A”, B",A"’, B"’, etc. as shown. 

Thus the decline in total sales in any one period becomes in 
effect a decline in replacement sales in a subsequent period. 
But no material decline in replacement, when replacement 
is a large share of the total, can occur without inducing a simul- 
taneous decrease of some magnitude in first-time sales for that 
period. This is true because a disturbance of this nature will 
result in declining demand for the commodity itself as well as 
for raw materials thereby causing unemployment in contributory 
industries as well as in the one directly affected. The effect thus 
begins to spread in all directions. The total decline in demand 
will then be the sum of the two. The translation of these declines 
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Fic. 9 PROGRESSION OF REPLACEMENT CYCLE 


from period to period in both types of demand is illustrated, 
diagrammatically only, in Fig. 9. 

This phenomenon or characteristic of demand for durable 
goods may be termed the “Replacement Cycle.” 

Conditions Necessary for Formation of the Replacement Cycle. 
From the foregoing considerations it may be said that the condi- 
tions necessary to produce recurring declines in demand for any 
durable commodity are: 


(1) Any external or internal event that will cause a serious 
break in the continuity of demand 

(2) The commodity and its use must be of such nature 
that purchase may be deferred for a reasonable length of 
time 

(3) The existence of any factors such as wear and tear, 
style changes, or similar conditions which result in an 
average life before replacement that is fairly definite 
and greater, for example, than one year when the year 
is the unit used for the measurement of time 

(4) The absence of an unusual new or original demand that 
would counterbalance the loss in replacement sales 
resulting from the prior period of decline. 


In the third condition just previously outlined, the existence 
of a “fairly definite’’ life of the commodity before replacement 
is imposed. This term needs further explanation. It means 
that the replacement buying habits of purchasers must be 
sufficiently uniform to produce a certain degree of concentration 
in the life of the commodity before replacement. Thus if ten 
men each bought a suit of clothes at the same time and if the 
first one replaced at the end of one year, the second at the end 
of two years, and so on uniformly until the tenth man replaced 
at the end of the tenth year, the replacement cycle would not 
exist. However, if five or six of the ten replaced at the end 
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of the second year or if three replaced during each of the second 
and third years, there would be a concentration of buying that 
would satisfy this condition for the replacement cycle. These 
latter figures are illustrative only. It is necessary only that there 
be some predominant or typical time at which a higher pro- 
portion of replacements is made. 

Replacement of commodities bought at any particular time 
will usually conform to this requirement because they tend to 
follow the general trend of the normal “frequency distribution” 
or “probability curve” with the area of highest concentration 
around the average life before replacement. This will be illus- 
trated later when the replacement cycle in the automobile 
industry is discussed. 

A thought that will naturally arise is that, by an averaging 
process, such oscillations should soon die out through a series of 
constantly diminishing fluctuations. This attenuation most 
assuredly would occur if no other influences were at work. 
The operation of the cycle would also ultimately cease with the 
disappearance from the market of those whose buying was first 
affected by the external event that produced the distortion. As 
previously mentioned, however, no real disturbance of the re- 
placement market, when this demand is an important part 
of the total, can occur without disturbing the buying program 
of original buyers about to come into the market. Thus some 
additional purchasers are affected at each recurrence. Further- 
more, each time there is a major coincidence of these trends, as 
in the present depression, a new impetus of wide amplitude is 
provided and the train of surges is renewed with additional 
vigor. In addition, war as a disturbing factor comes into the 
picture with sufficient frequency to leave a new heritage of such 
trouble in its wake. War has this unique effect in participating 
countries: It unduly stimulates certain industries while greatly 
depressing others. No other random event possesses the power 
to do this on a large scale. Thus, the very onset of war gives 
birth to the major fluctuations which result in the ensuing 
replacement cycle. 

What is the real significance of this replacement cycle in its 
operations? It provides both a cause for and an explanation 
of a variation in demand that is not induced by a variation in 
income or loss in buying power. It is inherent in demand, itself, 
and initially independent of buying power. When such a decline 
in replacement demand is due, 2 will begin without any prior 
change in income levels for the reason that the existing replacement 
market is satisfied for the time. During a period of market dis- 
turbance, the only replacement demand that is subject to de- 
ferment is that which is due for replacement during that period. 
Other replacement demand is not affected at the time and will 
reassert itself on schedule after normal conditions return. To 
this will be added the deferred demand as it gradually comes 
into the market. From this time forward, as far as the individual 
is concerned, replacement goes on normally until the next 
disturbance. The subsequent decline induced by the operation 
of the replacement cycle does not arise through the conscious 
act of any group of individuals. Rather is each one pursuing his 
normal replacement schedule. What does happen is that inte- 
grated replacement demand is no longer uniform from time to 
time because more of us are now making some important purchase 
at one time than at another. These surges due to the replacement 
cycle are similar to those caused by seasonal changes but occur 
at longer intervals and last for longer periods. 

We are then brought face to face with the conclusion that 
those industries producing durable goods in sustained demand 
may sooner or later be subjected to the influence of an oscillating 
or surging demand induced primarily by the operation of the 
replacement cycle following some prior major disturbance. 
Furthermore, the time interval between these surges will vary 
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among different industries according to the prevailing life of 
their commodities before replacement. 

It is not suggested that the full amplitude of variation above 
and below normal is directly measured by the volume involved 
in the replacement cycle. On the contrary, a relatively small 
proportion of the whole change may be traced directly to this 
cycle. Business is in such a state of sensitive balance that 
relatively minor changes will put in motion the involved forces 
that will cause the movement to feed upon itself and grow with 
accumulative effect. In other words, changes induced by the 
operation of the replacement cycle may be compared with the 
loosening of the first stone that causes the avalanche. 

To the scientist and the engineer this latter thought may 
again suggest the similarity between the generation of the re- 
placement cycle with its accumulative spread in all directions 
and the origin of resonance in a power circuit. In this latter case, 
the source of what ultimately becomes of serious consequence 
may reside in some minute, periodic change in voltage that builds 
up with astonishing rapidity and effect when conditions are 
favorable to it. Likewise, destructive vibration may be pro- 
gressively set up in a mechanical structure or prime mover by 
sources originally so minute as to avoid detection providing 
physical conditions are favorable to the propagation of this 
influence. 

Because of the sensitive balance in industry and commerce, 
a deviation of ten per cent above or below usual levels means the 
difference between prosperity and depression. A fractional 
amount of this disturbance may then be sufficient to start 
the self-propagating movements on their way. The terms 
“vicious circle’ and “destructive spiral” have been frequently 
used to describe the business condition wherein a relatively 
small change induces further change of accumulative intensity. 
In truth, it seems that the instruments we have set up to detect 
these disastrous changes lack the sensitivity to catch the early 
movements which later become so obvious. When once released, 
the expansive power of these small self-generative movements 
is enormous. 


INFLUENCE OF THE REPLACEMENT Cyc Le on Various INDUSTRIES 


How do the characteristics of the four industries conform to 
the conditions necessary for the formation of the replacement 
cycle? If the periodic tendencies, where they do exist, coincide 
in duration with the usual life of the commodity before replace- 
ment, the indication is very strong that this phenomenon may 
furnish the origin of such fluctuations at repeated intervals. 
In discussing this question as it applies to the several industries, 
it will be well to consider the automobile industry first as the 
records are simpler and more complete. 

The Automobile Industry. From the beginning of this industry 
to 1918, the output did not show a decline from one year to the 
next. In the depression years during this interval there was a 
retardation in the rate of increase but never a reduction in 
output. This retardation should be considered as an effect, not a 
cause. In 1918 there was a decline in output and sale of over 
800,000 passenger cars or about 45 per cent of the 1917 output. 
This was unquestionably due to war conditions which reacted on 
the passenger-car industry with peculiar force. Following this 
first and large reduction, a major decline reappeared every third 
year—namely, in 1921, 1924, 1927, and 1930—and in no inter- 
vening years. This seemed too often and too regular to be a 
coincidence and the question arose as to what induced it. From a 
consideration of this question it seemed obvious that, if the output 
of passenger cars in 1918 was 800,000 less than that of 1917, the 
replacement of 1918 sales should be 800,000 cars fewer than 
replacement of 1917 sales, and this decline would occur in the 
normal replacement period for 1918 sales. If the successive 
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reductions were the result of enforced fluctuations in replace- 
ment, it seemed logical to conclude that the average new-car 
buyer kept his car about three years before trading for a new one. 
The conclusion seemed logical, the three-year period seemed to 
be in accord with common practise, but there were no available 
records to answer the question. 

Finally, one of the large motor-car companies after a check 
of its records furnished the following information regarding 
the length of time new-car buyers retain their cars: For one, two, 
three, four, and five years the percentages are, respectively, 
9.9, 38.6, 29.8, 13.6, and 7.7. 

This accounts for 99.6 per cent of the new-car buyers and the 
weighted average time is approximately 2.75 years. The actual 
average computed in months might vary slightly from this 
figure and a more extensive search might modify the results to 
some extent. The data, supplemented by common experience, 
are sufficiently representative to support the conclusion pre- 
viously reached, that the typical new-car buyer replaces his car 
about every third year. It should be realized that the new- 
car replacement demand does not come from those who drive 
old ones to the scrap heap but from those who trade used cars 
on new purchases. The Ford Motor Company was out of pro- 
duction several months in 1927 and this naturally increased the 
severity of decline in that year. It will be noted, however, 
that the depth reached in the latter part of 1927 merely marked 
the end of a drastic decline that began at a high level early in 
1926. This downward surge was far greater and started much 
earlier than that induced by the closing of the Ford plant in 1927. 

It must be clearly stated that the operation of the replacement 
cycle does not account for the full depth of the decline. On the 
contrary it may directly produce a relatively small part of it. 
The calculated reduction in replacement sales in 1921 due to the 
original decline in 1918 was 62 per cent of the actual total decline; 
very much more than necessary to start the downward trend. 
The corresponding ratio for 1924 was 18 per cent and for 1927 
and 1930, 16 per cent. These percentages are still sufficiently 
large to start the self-generating surges which develop accumula- 
tive energy as they progress. As suggested previously, this 
action is closely analogous to that of resonance in an electric 
circuit where enormous surges may be initially started by very 
minute oscillations when conditions are favorable. 

While the new-car buyer exchanges his car on the average 
every third year, the average useful life of the car according to 
the National Automobile Chamber of Commerce is seven years. 
There is, then, an average life of four years in a car after it has 
left its original owner. This margin provides a relatively long 
period during which the original purchaser may defer replace- 
ment if the incentive to do so is sufficiently strong. This is 
exactly what is happening during the current depression and is 
responsible for the long-continued decline in the industry. 
When replacement is actively resumed, the period during which 
such deferred demand will be satisfied will undoubtedly make 
the recovery period longer than those in the recent past. Thus, 
there is in these conditions the opportunity to force the auto- 
mobile cycle out of its prior periodicity, but unless buying habits 
are definitely changed the former surge will be resumed after 
renewed demand is satisfied. The present decline will induce a 
later one. The greater the possibility of deferment of replace- 
ment demand, the greater is the possibility of such demand 
temporarily departing from its natural fluctuations. Thus the 
automobile and building industries are now forced out of their 
strides while the clothing industry which is much closer to the 
level of necessity and the product of which is subject to much 
shorter life, is maintaining its rhythm although at definitely lower 
levels. 

It seems apparent from the foregoing discussion that logical 
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causes for the recurring three-year cycle in automobile output 
have been determined. We therefore have in this case, a serious 
recurring condition in our economic life that for the most part 
is the direct result of the interruption of the natural flow of trade 
by the great war. It is a fact, however, that surges similar to 
this but of much smaller magnitude would ultimately have been 
introduced into the automotive industry as an effect of the re- 
curring depressions such as have visited us long before the origin 
of the automobile. What originally were merely periods of re- 
tarded growth would have become net declines as the demand 
stabilized in accordance with the trends shown in Fig. 7. Effect 
and cause then become hopelessly intermingled. Certainly it 
seems reasonable to suppose that similar movements having 
their origin in the replacement cycle in other important industries 
may induce serious distortions in all trade when they occur 
simultaneously. 

Food. It is evident that food and its use will not conform to 
the conditions outlined for the formation of the replacement 
eycle. The existence of this phenomenon should therefore not be 
expected and it is not found. The trend is the most stable of the 
four examined and such minor fluctuations as do occur are quite 
irregular. Strictly speaking, there is a distinct periodicity in 
replenishment of food supplies. This is manifested in any 
locality by the well-defined “rush hours’ in retail grocery stores. 
This is of technical interest only inasmuch as we are measur- 
ing such frequency of replacement in terms of months or 
years. In this sense, reflection will suggest that characteristic 
or predominant frequency of buying may apply to most com- 
modities. 

Textiles. In this industry we find wider divergence from 
the average and a very definite two-year periodicity. What 
characteristic of this industry should result in such pronounced 
two-year variations? The industry is divided into three main 
groups, namely, cotton, wool, and silk. Each of these, as mea- 
sured by textile fiber consumption, is found to display in varying 
degree the same two-year fluctuations. The industry as a whole 
produces a countless variety of products and yet as is usual in 
such cases a few lines predominate. Wearing apparel is of over- 
whelming importance and of this class, durable garments are of 
greatest value. It is to be expected therefore that they may 
impress their characteristics on the industry. 

How often on the average do most people replace their durable 
garments? Unfortunately, there is a serious lack of data upon 
this important question. The following facts, however, are 
known: 

(a) A critical study of the levels of production and inventory 
shows that the sales of textiles as a whole decline every other 
year. While data are not available for evidence, it is known that 
the sales of certain large textile companies show decided reduc- 
tions every other year in agreement with the timing shown by 
the second curve in Fig. 1. 

(b) One statistical organization specializing in the textile 
industry announced that for a period of years between 1920 and 
1930, examination had disclosed that on the average each man 
bought one-half a suit of clothes per year. This obviously is 
equal to a suit every two years. According to this same agency 
the foregoing average was reduced to 0.38 of a suit per year in 
the current depression. 

(c) A large manufacturer of women’s coats has stated that 
the records over an extended period positively show that women’s 
coats are replaced on the average every two years. 

(d) One commercial survey in a small city showed an average 
purchase of one suit approximately every two years by the men 
of the family. 

(e) Detailed investigations on cost of living in workmen’s 
families, made by the National Industrial Conference Board, 
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have resulted in the provision for replacement of women’s coats 
and dresses every two years while two-thirds of a suit per year 
for the men is provided in the budget. This average would tend 
to be lower in rural areas and higher among the greater incomes 
in the urban areas. 

These fragmentary bits of information taken in connection 
with the characteristics of the replacement cycle and the un- 
mistakable trend of the textile industry warrant the conclusion 
that the replacement cycle is probably the source of the repeated 
oscillations in this industry. Final proof of the truth or falsity 
of this position can be secured by a comprehensive survey of 
buying habits and of sales in the industry. 

Building Construction. It has been shown that the trend in 
building construction is featured by short-term fluctuations, 
approximating three years in length, superimposed on longer 
variations indicated in one 30-year span to be about 20 years 
apart. Are these fluctuations manifestations of the replace- 
ment cycle? It is obvious that any short period of three 
years can have no direct relationship with the life of buildings 
before replacement. It is not so certain that this can be said of 
the 20-year span. Studies by various real-estate and building 
agencies and decisions of the Treasury Department for tax 
purposes seem to fix upon a typical structural life of 40 to 50 
years. Any building, however, is obsolete long before it has 
reached this age. This is caused by changes in design and equip- 
ment and by migration of commercial, industrial, and residential 
centers. 

The National Building Owners’ and Managers’ Association, 
in a comprehensive study of operating income and expenses on a 
large list of identical buildings in a number of cities, found that 
income from rentals takes a sharp drop after twenty or twenty- 
one years of life. This is undoubtedly significant. There can be 
no doubt that after twenty years of life a building is no longer of 
first rank. Early tenants of commercial buildings have in most 
cases moved to more modern quarters and have been replaced 
by others yielding lower rentals. Residential property for the 
most part will have been replaced with more modern quarters 
long before its structural life has ended. It seems entirely 
possible that the 40- to 45-year life of the building corresponds to 
the seven-year life of the automobile and the 20-year period in 
the life of the structure to the three-year period in the life of 
the automobile. 

A most interesting confirmation of the long- and short-term 
movements in real estate activity is described by Lewis A. 
Maverick in the Journal of Land and Public Utility Economics 
for May, 1932, in an article entitled “Cycles in Real Estate 
Activity.””. Mr. Maverick studied three measures of real-estate 
activity for the period from 1853 to 1929. Official county records 
were utilized in this analysis which included the number of lots 
added by subdivisions, the number of deeds recorded, and the 
value of property transferred. When these long series were 
statistically smoothed, he found throughout the interval a series 
of long fluctuations of fifteen to twenty years between centers 
and, superimposed on the top of this trend, a series of short- 
term movements predominantly three years in length. These 
movements had no relation whatever to increases in popula- 
tion and have absolutely nothing in common with building 
construction data. The last two peaks were coincident with 
those shown in Fig. 2. Similar long-term movements in resi- 
dential construction have occurred in Greater London where, 
between 1871 and 1916, such construction progressed in two 
great waves just twenty years apart. 

The short-term surges in construction are of much interest. 
They not only appear definitely in building construction but are 
also typical of many of the fluctuations in general business 
throughout the life of the nation. Prior to the advent of the 
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automobile, building construction was certainly the most highly 
variable industry of large magnitude. From the standpoint of 
economic value and extent of fluctuation combined, it is probably 
of the greatest importance today. Is the three-year period in 
construction activity the cause or the effect of similar movements 
in other branches of business? If a logical reason can be found for 
these oscillations in construction, it may indicate their causative 
influence. 

This industry is widely scattered and highly individualistic. 


t It is not subject to the control afforded in manufacturing by 


proper scheduling of production to meet the requirements of 
inventory and sales. There can be no reasonable doubt but what 
there are recurring times when we are overbuilt, but why should 
the three-year periods appear with such consistency? An immense 
amount of credit is needed to finance this industry. The unit 
value of the transactions is large and the percentage of credit 
required is high. These credit requirements are undoubtedly 
larger than those needed for any other single industry. 

While the long-term investor ultimately supplies much of 
this credit, a large part of the actual construction is usually 
carried on by loans subject to relatively rapid turnover. Time 
will not permit an extended discussion of these conditions but 
it may be said that much residential construction money may 
at intervals be turned over two or three times a year by those 
who make a business of supplying such funds. Mortgage loans 
are commonly extended for periods of one, three, five, and ten 
years. Examination of data pertaining to such credit indicates 
that the weighted average duration of all such loans may fall 
between three and four years and probably nearer the former. 
Data have not yet been found from which such an average can 
be accurately computed. The fact remains, however, that except 
for those mortgages going into the hands of permanent investors 
and remaining there, the turnover of such loans would no doubt 
be somewhat less than once every four years. There is undoubt- 
edly a definite typical length of such loans. 

Under these conditions, it seems entirely possible that the 
principle of the replacement cycle applies to the extension and 
release of credit in construction. Capital available for financing 
construction is not unlimited. As the volume of construction 
increases in an era of prosperous times, more and more capital 
is involved until credit so extended reaches abnormal heights. 
This naturally means that during such a rise less and less capital 
is available for this purpose. The end of such an upward move- 
ment is usually featured by a surplus of available facilities and a 
greater inability to dispose of the mortgages created through this 
activity. This naturally results in a retardation of building 
and construction then begins to recede from its high levels. 
The capital tied up in these enterprises, however, will be released 
only as mortgages are sold or payments are due under existing con- 
tracts. It follows directly, therefore, that after a building peak, 
the maximum funds released from prior contracts will be attained 
at that time representing the maturity of the greatest amount 
of funds loaned. Such a time would be determined by the 
weighted average of maturity dates on the credit extended. 
Thus it will be seen that if there is no other influence to distort 
the flow of funds, such flow will tend to follow a surging path 
with the interval between waves represented by the average 
duration of loans. It seems entirely probable that the three- 
year fluctuation in construction is induced by this behavior. 
It is not to be supposed that this periodicity would remain fixed 
under all circumstances. The conditions imposed by the credit 
instruments themselves will usually prevent a quicker repay- 
ment of the loans than that specified, but there is nothing to 
compel the reloaning of such funds as soon as they are repaid. 
This means that if three years be assumed as the average dura- 
tion of a loan, this interval between surges will not be materially 
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decreased but it may be increased if conditions are not favorable 
for reinvestment of construction funds in the industry. 

A continuous production and consumption of food is essential 
to life itself and therefore is not subject to serious interruptions. 
The long life of buildings is supplemented by the ability of 
people to ‘‘double-up” under stress and this means an enormous 
and sustained capacity to retard normal construction. These 
are the fundamental reasons why building construction is sub- 
ject to much wider fluctuations than food production. The 
fact that the nominal three-year cycle does not maintain itself 
during times of economic storms is therefore to be expected. 
Conditions at such times are not favorable to extension of 
credit. It will be recalled that mention was previously made of 
the fact that the only deviation from the three-year oscillation 
between 1900 and 1930 was when depression periods intervened. 

If this conception of the ebb and flow of credit is correct, 
it is of tremendous importance and is worthy of much study. 
The conclusions and the questions arising in this analysis in 
no way minimize the importance assigned to credit control by 
many investigators. Rather do they supplement these con- 
victions by breaking the problem up into its component parts 
and suggesting their real sequence. The reasoning behind these 
conclusions is sound. The proof of the average duration of loans 
has yet to be derived. 


CLASSIFICATION OF INDUSTRIES 


From the consideration of the differing characteristics ex- 
hibited by the various industries is derived a basic classification 
of all industries: 


First, there is that class that displays the greatest 
stability of all yielding only slightly to the influence of major 
depressions. It is typified by staple foods and tobacco. 

Second, comes that group which yields sharply to 
general business conditions and whose path follows that of 
aggregate business. The duration of depressions in these 
industries will be shorter or longer than that of general 
business depending on the ability to defer purchase. Ex- 
amples of such products are shoes and food luxuries. 

Third, there is that group which, due to conditions 
inherent in them and their use, yield to the influence of the 
replacement cycle and develop characteristic periodicities 
of their own. Examples of this class are automobiles and 
textiles. 

Fourth, comes a group which, subject to their own 
inherent conditions only, might fall into any of three prior 
groups but which are so thoroughly dominated by the 
industries they serve that they follow the production levels 
of those industries. Examples of this class are the production 
of cans as strongly influenced by the food-canning industries, 
and machine tools whose activity is predominantly con- 
trolled by the automotive industry. It is in this class that 
most of the so-called producer industries will be found. 


With this conception of the nature of fluctuating demand 
upon business, it becomes clear that the so-called producer 
industries take their tempo in last analysis from the demands 
placed upon them by the production of consumer goods. It 
may then be suggested that all industries fall into one or more of 
four basic groups with a pilot industry or pacemaker leading each 
group. This intricate interlacing of industries, with each group 
following its own path, ultimately weaves the pattern of aggre- 
gate business. This pattern is only relatively fixed and may be 
distorted by the extraordinary reaction of industries upon each 
other when their trends are simultaneously upward or down- 
ward or when they are all confronted by some major random 
event such as a declaration of war between major countries. 
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This ability to “follow-the-leader” may be definitely inferred 
from the extreme fidelity with which production follows demand 
as previously described and shown in Fig. 6. 

This idea of the ebb and flow of industrial and commercial 
activity in various channels defined by a few dominant industries 
should be of value to any organization in charting its own course. 
Its position on its normal growth curve as illustrated in Fig. 7 
should be determined. The relative importance of its principal 
customers by industries can be evaluated from the sales records. 
The probability and degree of fluctuation in demand from each 
customer can be approximated by working from the foregoing 
classification of industries. Such a picture should be of great 
aid in facilitating proper control of production schedules, in- 
ventories, advertising, sales effort, and capital investment. 


TIncREASING Deptus oF Major Economic DEPRESSIONS 


Tt is almost axiomatic to say that those industries which 
have carried us down into these depressions are the ones which 
must finally lift us out of them. The discussion of industry 
trends and of the replacement cycle has conveyed a picture of 
widely differing characteristics in these dominant industries. 
The capacity of any industry to carry us into the depths of de- 
cline and to bring us out of them is dependent on two things: 
first,the economic weight or importance of the industry in meeting 
human requirements, and second, the degree of fluctuation 
characteristic of it between good and bad times. Thus if this 
capacity be considered as a product of these two factors, it 
becomes in reality an energy component in these movements 
and may be termed economic momentum. The great food in- 
dustry with the heaviest weighting of all is of little importance 
in recurring economic surges because its amplitude of fluctuation 
is so small. Building construction, on the other hand, is of 
lesser weight but vastly more important in promoting economic 
surges because of its extremely wide fluctuations. The concep- 
tion should then be held of a vast array of industries, each of its 
own proportionate importance in our budgets, but each subject 
to a varying degree of oscillation through the years. This 
variation in amplitude will be in proportion to our ability to 
eliminate, defer, and expand purchases with the needs and de- 
sires of the day. 

The replacement cycle is set forth in this analysis as the 
continuing cause of these recurring surges in certain industries. 
If this be true, the initial distortion that first gave impetus to the 
replacement cycle must still be isolated. It is quite characteristic 
to assign the reason for each recurring economic storm to some 
special condition predominating at the time. But a succession of 
these surging movements of trade has run through organized 
society for many generations. Why is it not logical to suppose 
that there may be some factors common to all these generations 
that have produced these serious results? 

The replacement cycle is a phenomenon of demand, and de- 
mand has existed through all generations since barter began. 
Food, clothing, and shelter have been the dominating require- 
ments of man through all this time and will continue to be as 
long as he exists. The combination of these three basic neces- 
sities in a weighted total matches the timing of the business 
fluctuations very closely but with generally diminished amplitude. 
This latter point is of economic interest and importance. Ob- 
servation of the long-time trends of business shows clearly that 
the major depressions are growing deeper. As the standard of 
living rises, a larger and larger percentage of the family budget 
is expended for more articles that are farther removed from the 
levels of bare subsistence and minimum demand. More and 
more people are employed in the industries that make these 
products, and more of the profits of all business are derived from 
them. With this increase in the standard of living the per capita 
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purchases of durable goods are increasing. The longer the useful 
life of a durable commodity, the longer can deferment of replace- 
ment occur. The replacement of a rug can be postponed longer 
than replacement of a suit of clothes. We find statistically what 
judgment tells us should be so, namely, that those industries 
producing luxuries and the longer-lived durable goods are the 
ones which suffer the greatest decline in times of economic 
stress. Since these industries are gradually comprising an in- 
creasing share of our activities, it follows directly that our re- 
trenchment capacity is increasing. This means that as the 
standard of living rises we are naturally subject to greater 
hazards of unemployment and deeper depressions. As the stand- 
ard of living rises, the elasticity of demand increases. A wider 
distribution of income would tend to raise the standard of living 
but by the same token to increase the depths of major depres- 
sions when they do come. It is not the amount of money spent 
but the rate of spending which governs uniformity in trend. 


IniT1AL DistuRBANCES IN Economic TRENDS 


The question still remains as to what was the first disturbing 
influence that destroyed the even flow of goods between producer 
and consumer and what events have happened to renew these 
impulses. 

Among the transient events of both natural and human origin 
that may exert seriously disturbing effects on industry and trade 
are famine, pestilence, flood, drought, earthquake, tornado, 
revolution, war, an occasional excess or short yield of crops, 
and various other happenings. Most of them are usually quite 
localized and would be incapable of producing wide-spread 
unfavorable effects. Of all the isolated and random events of 
importance, war seems to predominate. It has accompanied 
man through history and is probably the most potent force for 
producing the original impact of which the replacement cycle is 
but the continuing echo. This thought does not exclude the 
possible effect of important random events. The behavior of 
the business graph rather suggests the existence of quite regular 
or periodic forces of varying frequency and amplitude upon 
which are occasionally superimposed certain irregular and tran- 
sient forces of varying importance. 

The conjunction of downward trends in a number of important 
industries may precipitate a general depression of such severity 
that it will break up for a time the natural periodicity of some 
industries. The onset of a major war might have the same 
effect, the result of which would be to start a new succession 
of surges of increased amplitude. Thus each new disturbance is 
the progenitor of more to follow. 


Corrective MBaAsures 


Granting the validity of these thoughts regarding the re- 
placement cycle, what can be done about it? It is not within 
the scope of this paper to present a treatise on all phases of these 
economic oscillations. Nevertheless, some reference to corrective 
treatment is impelled by the nature of the suggestions regarding 
causation. Corrective measures may be considered as of two 
types—preventive and remedial. It seems logical to say that 
neither of these can attain maximum effectiveness until sub- 
stantial knowledge of the actual causes can be acquired. 

When Elmer Sperry studied the application of the gyroscope 
to the stabilization of ships, he realized the difficulties in the 
way of counteracting the roll of a ship when it was once fully 
developed. The energy required is too great. He noticed that 
the roll of the ship was essentially periodic but was not directly 
in unison with the pounding of the individual waves. He reasoned 
that it was the accumulative resultant of a series of wave im- 
pacts modified by the design of the ship. From this conception, 
he concluded that if he could make the apparatus sufficiently 
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sensitive to detect and counteract the individual wave compo- 
nents before their energy accumulated, the idea might be feasible. 
The application was developed in this manner. 

In the same way, under this conception of economic surges, 
preventive measures applied to a massive roll of the whole 
business structure must lack the compensating energy required. 
On the other hand, the application of counteracting forces 
properly timed to neutralize the oscillations in the individual 
industries before they attain real momentum might prove 
effective. It should be remembered that these surges are initially 
due to the fact that more of us are buying certain important 
goods at one time than at another and that this numerical 
and economic inequality should be adjusted by shifting the 
buying periods of part of the people. Thus demand should be 
stabilized by damping the surges of the replacement cycle in 
their incipient stages. The same type of consideration should 
be applied to the short-term fluctuations in building construction. 
This would possibly involve elements of control similar to those 
applied to production and inventories in manufacturing. 

Those industries whose operation and control are more highly 
centralized may offer a more favorable opportunity for co- 
ordinated action than those which are highly individualistic. 
The way might have to be cleared legally for joint action on 
price and supply so timed as to retard buying at the peaks and 
accelerate it in the valleys. Such methods, if effective at all, 
might have to be applied in degree through several cycles before 
sufficient leveling resulted. It may be suggested that our 
luxury taxes are usually imposed and removed at just the time 
to accentuate the surges in the industries to which they apply 
and that these same industries are among the ones which natu- 
rally are subjected to the greatest fluctuations. Stability of 
tax receipts requires stability in source. 

Centralized control of a highly individualized and widely 
scattered enterprise like building construction is scarcely fea- 
sible. Even the smallest of manufacturing plants cannot operate 
successfully without balancing of inventories, production, and 
sales. In the tremendous building industry there is nothing 
to compare with the records and methods so necessary in manu- 
facturing. Decentralized control through a running record of 
available facilities modified by building permits, completion, 
occupancy, vacancy, and demolition notices might prove to be of 
advantage providing necessary control of credit can be main- 
tained. Speaking generally, the more speculative classes of 
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Timely control of this speculative credit would be essential. 

While any remedial treatment to be undertaken is intimately 
involved with preventive measures, separate consideration must 
nevertheless be given to the former. These recurring declines 
in trade are always featured by serious contraction in prices, 
volume of trade, employment, and, finally, in enforced liquida- 
tion throughout the business structure. If there is a break in 
demand when demand and output are at abnormally high levels, 
the increase in inventories will tend to be very rapid. This will 
very quickly force a break in prices which in turn will accelerate 
the decline and the vicious movement is under way. Stability 
of demand is a prerequisite of stability in prices. When prices 
are at abnormal heights they are increasingly sensitive to changes 
in demand. Up to a certain point increases in demand at such 
times are extremely likely to induce further extraordinary 
growth because such times are eras of high wages and profits. 
Earnings at high price levels are ordinarily greater than at low 
levels. This most naturally drives the security markets in the 
same direction. Thus, the ability supplemented by the desire 
to buy before another price increase tends to elevate all factors 
of trade with the resulting periods of inflation so common to these 
movements. In due time the turn will come, invisible at first 
but rapidly approaching the stage where all the upward mo- 
mentum is reversed with disastrous effect. 

No real perspective of the price trend and its importance can 
be gained without reference to the long-term movement of prices 
which is shown in Fig. 10. 

Mechanical analogies will suggest the extreme instability 
of the towering price structures existing in the three peaks. 
The cause of the three enormous peaks is obvious from the chart. 
As against the level in 1926 which is taken as 100 per cent, the 
average for the 135-year period is 76.9. The long-term trends 
following the three high peaks are certainly significant. The 
facts that only 18 years out of 135 were featured by prices at or 
above 1926 levels and that these were solely induced by war 
should point to the futility of price stabilization at 1926 levels 
as a sound means of recovery. Due to the effect of the extra- 
ordinary price levels on the average, only 52 years in the period 
shown were above the average while 83 were below. In 38 years 
prices have been lower than the average of 1932. 

The source of recovery is an increase in demand. An increase 
in prices would be a powerful stimulus to this end but it seems 
dangerous to build recovery on a foundation of 1926 prices. 
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effective, such effort should be directed toward a revival of 
those basic industries whose economic momentum has dragged 
us down. As an engineering conception this thought is sound. 

The two pacemaking industries which have had the maximum 
depressing effect are residential building and automobile ac- 
tivities. The reconstruction energy latent in the deferred de- 
mand for automobile replacement is enormous. A similar 
need in residential building is not so obvious and yet it exists 
if we grant the validity of our living standards for a generation 
past. The present period of depressed activity in residential 
building has been longer and deeper than that which resulted 
from the World War when a large shortage of housing developed. 
Nevertheless, the actual net increase in population is greater 
than it was during this war period. The acute shortage in housing 
during the former period and the apparent surplus at the present 
time were influenced by the totally different income conditions 
in the two periods. 

Wages were high during the war period. For nearly two 
years after the close of the war there was a great revival in 
trade due to the satisfaction of demand deferred so seriously 
during the war. These conditions magnified the demand for 
housing during and immediately following the period of cur- 
tailment. During the present contraction of residential con- 
struction, income conditions are reversed from those of the war 
period. The result is that the real need based on families to be 
housed is obscured by the necessity of “doubling-up” in existing 
facilities. When the regenerative forces break loose in this 
industry, activity will develop with rapidity and certainty. 

Many conceive the reduction in demand to be due to loss 
of buying power on the part of the unemployed and that as a 
corollary, there can be no recovery until the unemployed are 
put to work. This thought is hopeless from the viewpoint 
of recovery. The unemployed will not go back to work until 
the dollar begins to work. In other words, a revival of demand 
must arise before payrolls will be increased. A critical study of 
the concurrent inventory, production, and sales trends shown in 
Fig. 6, especially during the period 1920 to 1922, will illustrate 
the significance of this statement. 

What is the source of increasing demand? The country 
possesses the buying power necessary for recovery. If this were 
not true, there would have been no recovery from prior major 
crises. The difficulty is that this buying power is dormant. 
The initial source of recovery lies not with the unemployed 
but with the vast majority who are still at work but who are 
spending nothing except for bare necessities. In this course 
they are impelled by fear of the future and of the mysterious 
nature of these tempests that sweep over us in the midst of 
plenty. The enormous flow of money from bank deposits into 
hoarding should convince the most sceptical of the existence of a 
large amount of latent buying power which is very wide spread. 
When it is considered that these hoarded funds are but a fraction 
of such static buying power, the evidence seems overwhelming. 

When desire overcomes fear and when necessity of replacement 
outweighs further deferment, demand will increase and the idle 
will begin to work. Each increase in healthy demand will beget 
its own share of increased credit and regenerative reconstruction 
will be under way. Stimulants applied to this process should 
be designed to move the idle funds of those who have them 
(their number and economic power are enormous) and this 
movement must start the wheels in those industries of maximum 
effectiveness in promoting recovery. 

To increase the public debt, already at dangerous levels, 
by inducing an increase in spending for public buildings and 
public works is not to provide a real leverage for recovery. 
As shown in Table 1, the value of these two classes of con- 
struction in a period of abnormally high levels for each is less 
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than half that of residential construction and would be less than a 
third if the latter figures could be properly adjusted. One of the 
keystones of recovery will be the extension of credit for residential 
building to those who are waiting to build and who can supply 
their own reasonable share of funds. Such credit is dynamic 
in results as compared with purely static effect afforded by credit 
relief. Any retardation of this credit is a block to recovery. 
There may be a real shortage of homes when there are still 
visible vacancies. 

It must be realized that economic momentum is derived 
ultimately from demand and that the motivating force behind 
this demand is supplied by the great mass of the people. The 
predominant characteristics of this demand will be imparted 
not by the rich nor yet by the poor but by the great median 
group representing the common or average man. After all the 
business graph may be considered as measuring the ebb and flow 
of human energy. The driving power behind this movement 
comes from the great intermediate group. The vicious circle 
must be broken at this point. 

Remedial measures, to be effective, must reach this class 
of people and stimulation must be applied to those predominant 
industries which serve it and have contributed principally to the 
decline. Fear that has grown to panic proportions is retarding 
recovery. There is no more insidious fear than that of the un- 
known. One of the greatest needs of the times is the determina- 
tion of real causation. Let the veil of mystery be torn from these 
crises and much of the unreasoning fear will vanish with it. 
And yet how little interest is really displayed in actual causation 
is indicated by the relatively small amount of intensive work 
upon the subject. 


CoNncLUSION 


This conception of the formation of economic trends explains 
why we enter periods of recurring expansion and inflation and 
why the ensuing periods of depression creep upon us almost 
without accepted warning. Each of the important industries 
is moving along in what may be described as its natural path 
when merely by the passage of time, their concurrent movements 
may come into phase with the result that their mutual inter- 
action stimulates or reduces volume at a rapid rate. The greater 
the number of industries in phase, the greater is the regenerative 
influence prevailing among them. The higher the abnormal 
price level the lower is the stability of the structure. 

The higher the amount of credit outstanding, the more sensitive 
is the situation to any decline in demand. High demand at 
high price levels multiplies debt. Orderly satisfaction of this 
debt demands a continuance of trade at levels not materially 
lower than those at which the debt was contracted. Any decline 
in demand accelerates the liquidation of this debt with disastrous 
consequences in a falling market. It is the initial decline in 
demand which precipitates the downward trend. The high 
debt level and strained credit conditions lower the resistance of 
the business system to the inroads of the germ in the disguise 
of the replacement cycle. This same cycle in its upward trend 
induces the stimulation that leads to the inflated condition. 
Thus the changes in credit are initially effects which are almost 
instantly tfansformed into causes far more potent than those of 
primary origin. 

The origin of demand preceded that of credit. Credit origi- 
nated as the result of demand and is the device used to bridge the 
gap between purchase and payment which are out of phase. 
This sequence in relationship has not changed. The replacement 
cycle is possible under conditions of pure barter, but its potential 
power is drastically increased as the volume of outstanding 
credit is enlarged. 

Whether or not the theory of the replacement cycle as set. 
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forth in this study is ultimately proved or disproved, the facts 
covering the importance of the industries analyzed can scarcely 
be refuted and the differing fluctuations described are written 
into the very history of these industries. The close fidelity with 
which the weighted total of these components matches the 

trend of aggregate business cannot be seriously denied. The 
point, that explanation of the individualistic behavior of these 
industries will provide the reason for the ultimate trend of compos- 
ite industry, is scientifically sound. This question then comes 
{to mind: Jf the replacement cycle does not furnish the proper 
explanation of the differing oscillations of these industries, what is 
the explanation? The answer to this question is of tremendous 
economic importance. Some one should go to work upon it. 
This conception of underlying causes should carry an appeal 
_ to those whose training and experience have made them familiar 
with the real significance of harmonic and inharmonic forces. 
_ The composite trend manifested by the four consumer in- 
- dustries bears very significant relationship to the movement of 
)interest rates which is a barometer of credit conditions. It 

accords closely with the fluctuations in rate of deposit in savings 
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banks. It bears a striking similarity to the changing trends in 
individual bank debits when allowance is made for the growth 
of speculative activity beginning about 1925. Its variations 
are in close timing with those of car-loadings throughout the 
period. 

These thoughts are not offered as the result of finished work. 
On the contrary, the field to be surveyed has scarcely been en- 
tered. The possibilities of further exploration are enormous. 
It does seem that the work done and conclusions derived are 
sufficiently logical to warrant earnest thought upon the points 
raised. If and when it can be found that these economic catas- 
trophies are not the effect of mismanagement by any one group 
of society, but are rather the integrated results of the thoroughly 
natural actions of the great mass of consumers, a forward step 
toward solution will have been taken. With due consideration 
of all the technical factors involved in this study, one seems to be 
drawn to the conclusion again and again that the devastating 
peace-time catastrophies which we call economic depressions 
may be, after all, the repercussions of the deadly conflicts of the 
past. 
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Elements of Milling, Part 2 


By O. W. BOSTON! anp C. E. KRAUS,2? ANN ARBOR, MICH. 


The results are given of a series of experiments in which 
a single-point tool corresponding to a single tooth of a 
milling cutter was used in removing metal ina dynamome- 
ter of a pendulum type. The values of energy as a 
function of variable feed, depth, width, and front- and 
side-rake angles of the cutter were determined when cut- 
ting three steels and a brass, in both groove and land cut- 
ting. It is found that all data obtained follow the general 
equation for energy in which H = Cwf*d’. Itis shown that 
invariably groove cutting requires greater energy than land 
cutting. It also is shown that greater values of front rake 
on the cutter reduce the energy required to remove a chip, 
while the value of side rake for a given value of front rake 
exerts no appreciable influence on energy values. The re- 
sults of some 24,000 commercial tests made by students 
at the Ohio State University in cooperation with the Cin- 
cinnati Milling Machine Company are presented and 
analyzed. The results are shown to agree substantially 
with those obtained with the single-point tool and that 
the foregoing energy equation holds for all types of milling, 
such as slabbing, groove cutting, half-side milling, and 
facing. 


HE object of this paper is to extend the tests reported on 
in the previous paper, “Elements of Milling,’”’* presented 
before the Society in December, 1931. 

In that paper, the variables studied, as they affect energy, were 
feed per tooth, depth of cut, width of cut, cutting up versus cut- 
ting down, and cutting fluids. Those tests were run on a number 
of ferrous and non-ferrous metals, including Bakelite and wood 
fiber. All cuts were made to form a groove in the work. The 
tool shape was constant, being end-cutting and having a 15-deg 
rake with no side rake. 

This paper contains the results of experiments with cutters 
having variable back-rake angles, or hook, and side-rake angles, 


1 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. O. W. Boston was graduated from the University 
of Michigan, Engineering College, in 1913, received a master’s degree 
in 1917, and the degree of mechanical engineer in 1926. After 
graduation he was engaged at the university as instructor in engi- 
neering mechanics and mechanical engineering for four years. In 
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to duty in the Bureau of Ordnance on design and manufacture of 
submarine mines used in the North Sea Blockade. From 1919 to 
1921 he was engaged in industrial engineering work for the Cleveland 
Tractor Co., in Cleveland, as assistant to the vice-president and works 
manager. In the fall of 1921, he returned to the University of 
Michigan, where he is now professor of shop practise and director 
of the department of engineering shop. He is author of many papers 
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committees dealing with cutting fluids, and standardization and 
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or helix. Tests with each cutter were made when cutting in a 
groove and when cutting the top from a land which had been 
prepared previously. Several types of metals were included, all 
cutting being done with one cutting fluid—namely, an emulsion 
consisting of 1 part soluble oil to 50 parts water, No. 3. 

Power data also are presented from a series of experiments on 
steel and cast iron, in which various types of commercial milling 
cutters were used as obtained by cooperative research by students 
at Ohio State University for the Cincinnati Milling Machine 
Company. The results have been recomputed to a basis similar 
to that used by the authors, for the purpose of direct comparison. 


Curtrers AND EQuirpMENT 


The machine used in these tests was the same as used and de- 
scribed previously in ‘Elements of Milling.’ This machine is 
of the pendulum type, such as an impact testing machine, and 
uses a single-tooth cutter. The cutters in all cases were ad- 
justed to have a radius of 1.75 in., and all had end- and side- 
clearance angles of 4 deg. Nine series of cutters were used, di- 
vided into two groups. ‘The first group, consisting of five cutters 
with 0-deg helix angles and with rake angles of 0, 10, 15, 20, 
and 25 deg, were designed to study the influence of variable 
rake. The second group had rake angles of 15 deg and helix 
angles of 10, 20, 30, and 40 deg, which, together with a 0-deg 
helix cutter having 15-deg rake angle, were used to study the 
influence of variable helix angles. 

High-speed-steel blades */s in. wide by #/, in. deep were used. 
They first were ground all over on a surface grinder, after which 
the various cutting angles were accurately ground on the same 
machine. All cutters were 0.300 in. wide. As this width de- 
creased slightly from subsequent grindings, the data were cor- 
rected for original width on the assumption that the energy varies 
directly as the width. This assumption had been proved previ- 
ously. 


MATERIALS AND CurtTine Fiuiws Usep 


The first material tested was a free-cutting leaded brass and 
was selected because it was believed that more accurate data 
could be obtained using a metal which would not cause rapid 
dulling of the cutter. Three other steels then were tested: 
8.A.E. 1020, S.A.E. 1112, and S8.A.E. 3250. These metals have 
been described previously and are listed in Table 1, together with 
their chemical compositions, heat treatments, and hardness 
values. 

The cutting fluid used consisted of 1 part soluble oil in 50 parts 
water, and is listed and described as cutting fluid No. 3 in the 
previous paper. 


EXPERIMENTAL MrtTHop AND Scopr or TEst 


As in the previous paper, all cuts were made with work locked 
in position as the chip was removed. Tests in all cases were 
made both cutting up (that is, with the work fed against the 
cutter) and cutting down (that is, with the work fed with the 
cutter). All of the cuts were taken both in a groove and on a 
land to determine the relation between the two types of cuts. 

Each test value indicated is the average of from 10 to 30 cuts, 
and the data presented represent a total of some 6000 or 7000 
cuts. Great care was taken to keep the cutter in the sharp 
condition. By sharp is meant the edge produced by the sur- 
face grinder with the final slight burr removed by a hand hone. 
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TABLE 1 MATERIALS USED IN THE MILLING TESTS 
———Hardness——— 

Bar Rockwell Sclero- 
number Material Chemical analysis Heat treatment Brinell B scope 

BF Leaded screw-stock brass 62% Cu, 34% Zn, 3% Pb Extruded and cold-drawn 70 66.0 

EF §.A.E. 1020 steel 0.22 C, 0.52 Mn, 0.011 P, 0.026 Si Annealed 131 65.0 

MF S.A.E. 1112 steel 0.09-0.13 C, 0.7-0.9 Mn, 0.08-0.40 P, 0.085-0.12 S Cold-drawn 217 89.5 

A-7 $.A.E. 3250 steel Commercial Normalize 1650 F, anneal 1475 F 207 92.5 


TABLE 2 


(Energy values in foot-pounds per chip when milling a free-cutting brass, 

bar BF, up and down, in a groove, and on a land for various combinations 

of feed and depth of cut with several different shaped cutters. The width 

of each cutter was 0.300 in., and an emulsion consisting of 1 part soluble oil 
to 50 parts water was used as a cutting fluid) 


Feed Depth Cutting in Cutting on 
in in groove land 
Tool angles inches inches Up Down Up Down 
0.020 0.010 0.74 0.68 0.74 0.70 
\ 0.025 176 B68 oe sacs 
: 0.050 5.48 SEos 3.1 
0-deg helix, 0-dez 0.100 6.80 6.29 5.81 5.62 
rake 0.010 0.100 4.08 3.73 3.55 3.23 
0.030 9.69 9.11 8.18 7.83 
0.040 11.99 11.38 9.88 9.57 
0.020 0.010 0.66 0.59 0.57 0.50 
0.025 1.62 1.39 1.40 1.26 
; 0.050 3.14 2.73 2°80 2.50 
0-deg helix, 10-dez 0. 100 6.12 5.54 5.52 5.02 
rake 0.010 0.100 3.45 3.12 3.14 2.84 
0.030 8.87 3.97 7.60 7.15 
“0.040 11.53 10.29 9.88 9.14 
0.020 0.010 0.68 0.62 0.57 0.52 
0.025 1.55 1.43 1.32 1.19 
, ; 2. 2162 2°50 2.25 
0-deg helix, 20-dez 0.400 Bae 4°97 rer 4.27 
rake 0.010 0.100 3.03 2.75 2.77 2.47 
0.030 7.50 6.95 6.59 5.97 
0.040 9.81 8.90 8.66 7.66 
0.020 0.010 0.66 0.60 0.65 0.58 
0.025 VaTe 1,34 1.420 1.31 
ie 0.050 2.78 2.47 2152 2.2 
0-deg helix, 25-deg 0.100 Bain 4076 4.64 4.22 
rake 0.010 0.100 2.95 2.65 2.74 2.46 
0.030 7.22 6.72 6.43 5.78 
0.040 ORI S On 8.26 7.36 
0.020 0.010 0.64 0.56 0.60 0.53 
| 0.025 1.56 1.33 1.38 1.24 
Lee 0.050 3.03 2.64 2.63 2.33 
O-deg helix, 15-deg 0.100 5.86 5.04 4.94 4.50 
rake 0.010 0.100 3.20 2.76 2.83 2.56 
0.030 OH) Tels} 7.00 6.30 
‘0.040 10.41 9.15 8.85 8.10 
0.020 0.010 0.80 0.56 0.67 0.61 
\ 0.025 1.69 1.50 1.55 1.46 
: 0.050 3.20 2.85 3.14 2.87 
10-deg helix, 15-deg O 408 6.26 553 6.03 5.57 
rake 0.010 0.100 3.55 3.08 3.48 3.25 
0.030 8.88 7.82 8.58 7.76 
0.040 11.40. 10.00 11.13 9.94 
10.020 0.010 0.74 0.65 0.73 0.65 
0.025 1.72 1.54 1.66 1.48 
; "33 2.92 3.24 2. 
20-deg helix, 15-deg ee eerie: 
rake 0.010 0.100 3.44 3.06 Ry Br" 
0.030 8.85 7.85 8.30 7.65 
0.040 11.10 10.01. 10.90 9.85 
0.020 0.010 0.72 0.61 0.69 0.62 
0.025 1.73 1.51 1.56 1.49 
ee "050 45 2.96 3.15 2.7 
aS helix, 15-deg 0.100 6.85 5.90 5.70. 5.18 
rake 0.010 0.100 3.90 3.41 3.23 2.95 
0.030 9.56 8.55 8.05 7.45 
0.040 12.40 11.10 10.35 9.50 
0.020 0.010 0.60 0.55 0.58 0.55 
0.025 LAS Ten 43 1837 eles 
: 0.050 3.41 3.07 2.66 2.53 
Aes helix, 15-deg 0.100 6.94 6.37 5.10 4.86 
rae 0.010 0.100 3710) Benz 2.88 2.60 
0.030 9.84 9.10 7.33 7.00 
0.040 12.73 11.68 9.66 9.02 


The values presented, therefore, are somewhat lower than could 
be expected from the average cutter condition. The authors 
have found that consistent results can be obtained in no other 
way, as the degree of cutter wear is almost impossible to measure 
and has such a decided effect upon the energy values when mill- 
ing. 

Resu.ts or TEsts 


The experimental data for the four metals tested are presented 
separately below. 

Tests on Free-Cutting Brass (Bar BF). The experimental data 
for the leaded free-cutting brass are listed in Table 2. Similar 
tables have been made up for each of the other materials, but 


are not shown. As in the first paper, these values are plotted 
on log-log paper to determine the milling-energy formulas for 
each tool and method of cut. 

Lines have been drawn through the energy data plotted on log- 
log paper in Fig. 1. One set of lines is for constant feed by vari- 
able depth, while the other set is for constant depth but variable 
feed. Lines also are shown for milling up and milling down on a 
land in each case. From these lines, an equation for energy in 
foot-pounds per chip, as a function of the depth of cut and feed, 
is determined. The tangent of the angle between the line and 
the horizontal represents the exponent of the variable involved. 

Formulas for a variety of shapes of tools and methods of cut- 
ting are listed for brass in Table 3, together with the values of 
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(One series of cuts was made with a constant feed of 0.020 in. as the depth 
was varied, while the second was made with a constant depth of 0.100 in., 
while the feed was varied. The cutter was of an end-cutting type having a 
15-deg rake angle and no helix. The following formula was obtained: 


EB = Cuf-88d9-94 in which 
= 3750, and C(gown milling) = 3392.) 


(up milling) ~ 
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Curtsr oN THE EXPONENTS OF FreEp AND DppTH AND THE CONSTANT 
or THE Miuuinc-Enerey Equation WHEN MiLuine FReE-CUTTING 
Brass, Bar BF 
(Data taken from Table 3.) 


@ 0.010 in. feed, 0.100 in. depth, and 0.300 in. width. 


the constants, the formulas for horsepower per cubic inch of metal 
' removed per minute, and the computed horsepower per cubic 
- inch per minute value for a specific cut 0.100 in. deep, 0.010 in. 
feed per tooth, and 0.300 in. wide. The last values are included 
in the table in order to furnish a basis of comparison between 
, the different conditions. It is impossible directly to compare 
constants or exponents from the equations with energy and horse- 
power values computed therefrom, because of the several vari- 
ables involved in the formulas. 

It will be noticed from Table 3 that no difference in the for- 
mula was found for up and down milling with a single cutter, 
except in the value of the constant. Changing the tool angles, 
however, does change the exponents of the feed and depth of cut. 

Better to indicate the effect of different angles on the exponents 
and constants, Fig. 2 has been prepared. In the upper left part 
of Fig. 2 are shown the depth and feed exponents for both up and 
- down milling for variable rake angles with a constant helix angle 
of 0 deg. The effect on these exponents when the helix angle is 
varied is shown on the right, the front rake angle being constant at 
15 deg. In the lower portion of Fig. 2 are shown plotted the 
- constants obtained to show the effect of varying the angles. 

A study of these curves indicates several interesting characteris- 
tics. Except for a few values, all exponents and constants are 
| lower for land cutting than for groove cutting. This, of course, 
would be expected of the constants, inasmuch as in groove cutting 
_ it is necessary to free the chip along the sides of the groove as 
_ well as on the bottom. Also, in general the difference is greater 
_ for the larger helix angles, due probably to friction on the side 
' of the cut because of the end thrust or drag. The general ten- 
| dency of the exponents is to drop with increasing rake angles 
- above 10 to 12 deg, and to rise with increasing helix angles above 
_ 20 deg. This effect is more noticeable with the depth exponents 
| than with the feed exponents, but is not great in any case, except 
for the 30- and 40-deg helix angle with groove cuts which, un- 
_ doubtedly, is caused by side friction. The same effect also is 
- noticed in the values of the constants. 
i To compare the actual energy and horsepower values as affected 
| by a change in rake and helix angles for the various cuts, Fig. 3 
i is shown. The difference between up and down milling is very 
_ noticeable. Increasing the rake angle is found to decrease energy 
values, first rapidly up to about 20 deg, and then more slowly. 
_ This probably would continue to an optimum angle, such as that 
formed by the built-up edge on the tool. It probably would 
be less pronounced for longer chips where the built-up edge would 
be more effective. The effect of a helix angle for this material 
- appears to be quite favorable, but is consistently upward for 
groove cutting. 
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TABLE 3 RESULTS OF TESTS WHEN MILLING FREE-CUTTING BRASS 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 
Too! Horsepow 
angles, Method _ Formulas, energy £, -——Horsepower per cu in. per——~. peel 
| _ deg of in foot-pounds per chip Values of C min formulas in. per min 

Helix Rake cutting Groove Land roove Land Groove Land Groove Land 
Up EERE eee 4970 3124 Cc c 0.3960 0.3442 
0 0 { Down Cwf?s d Crof?-d) 4670 2984 33000 f0-2q0.02 33000 f0-24q0.10 0.3750 0.3285 
Up ain ; 5575 4360 Cc Cc 0.3452 0.3100 
0 10 { Down Cappo eedes1 Cofo-ssd0-o7 4905 3942 33000 fo1sqo.0s 33000 do.iqo.0s 0.3040 0.2800 
Up me 4975 3750 C C 0.3290 0.2855 
0 15 aoe Cipjemeds.s Croft s3d0-4 4260 3392 33000 f0-15q0.04 33000 fo-17q0.06 0.2820 0.2580 
Up 840. Soy SOS PEDIEE 3905 3240 Cc Cc 0.3040 0.2700 
{ 0 20 { Down Cwf?-84q0.01 Cwf?-82d09 3630 2925 33000 f0-16q9-08 33000 f0-18q9.05 0.2825 0.2440 
2 Up nan ne 3380 2580 c c 0.2888 0.2713 
0 25 ee Croats Cuofeae- 3115 2365 33000 fo-17q0-11 33000 fe-2%qo-14 0.2660 0.2484 
Up Pca ae 5120 4340 c c 0.3465 0.3380 
10 15 { Down Crof?-55d0.94 Cuf?-52d0- 4540 4090 33000 f0-19q0-16 33000 f?-18d0.0 0.3078 0.3182 
Up sone 4915 4240 Cc c 0.3490 0.3380 
20 15 { Down Dt Cue 4385 3800 33000 fo-tsq0.a7 33000 fod 0.3110 0.3030 
Up er Sent: 6690 4355 Pe BGA 5) Cc 0.3775 0.3162 
30 15 {Dove Cwipearm Cr Pages 5800 4060 33000 folagoot 33000 fo.tsqo.03 0.3275 0.2950 
ko 15 Up 9540 4785 Cnr Se SN ee 0.3722 0.2760 
° Down Cwf-91g1.7 Cwf0-59g9.94 8720 4515 33000 0-08 33000 f0-11q9-05 0.3400 0.2609 
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Fie. 3 Errect or Various RAKE AND HxrLtix ANGLES OF THE 
CuTTER ON THE PowER AND ENERGY VALUES WHEN MILLING 
Free-CuttTine Brass 
(Cuts were taken up and down both in a groove and on a land as indi- 


cated. Data taken from Tables 2 and 3.) 

Tests on S.A.E. 1020 Steel (Bar EF). The complete series of 
tests as presented for the free-cutting brass were duplicated on 
the S.A.E. 1020 steel. Table 4 summarizes the formulas and 
the values in horsepower per cubic inch per minute. It is ap- 
parent that for most cuts in steel, a different formula is found 
for up and down cutting. This differs from the results of the 
tests on brass. 

Again, to compare exponents and constants as a function of 
tool angles, Fig. 4 has been prepared. This figure is for steel, 
as Fig. 2 is for brass. The effect on the exponents of variable 
rake angles appears slight, but greater, with a less definite ten- 
dency indicated, when the helix angle is varied. ‘The depth ex- 
ponent appears to drop off with the greatest rake angle. The 
constant varies over a wide range as the rake angle is changed, 
being reduced considerably as the rake angle is increased from 0 
to 25 deg. The constant of the equation appears to be little 
influenced by the value of helix angle up to and including 30 deg, 
but increases sharply for groove cutting when the helix angle is 
40 deg. Again, it should be pointed out that a direct comparison 
of either the exponents or constants with rake angles cannot be 
made, inasmuch as both the exponents and constants of the equa- 
tions vary. 

The net effect on energy values in foot-pounds per chip and on 
the values of horsepower per cubie inch of metal removed per 
minute is shown for variable rake angles and variable helix angles 
in Fig. 5. The energy values for the 0-deg rake tool are more 
than 100 per cent greater than those for the 25-deg rake tool. 
The effect of the helix angle, however, appears to be negligible, 
except as affected by side friction in groove cutting. 
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TABLE 4 RESULTS OF TESTS WHEN MILLING §.A.B. 1020 STEEL, BAR EF 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 
Tool : Horsepower 
angles, Method Formulas, energy £, in -——Horsepower per cu in. per—— _ per cu? 
eg of foot-pounds per chip Values of C min formulas in. per min 
Helix Rake cutting Groove Land Groove Lan Groove and Groove Land 
Cc 
U Cwf?-17d0.87 5,20; 15000 9040 33000 f0-28q0-18 Cc hag 1.678 
0 0 { Down Co art Cf? 60.91 { 17080 8680 z 33000 #0-35q0-09 1.638 1.617 
33000 f0-21¢0.0s - 
5 “ys Up Crf?-76d0.92 Crwf?.7040.89 10860 7300 CG RAs Bea) 1,253 2.188 
{ Down. escrsatrac Crwf?-79d0.98 8670 7350 33000 /0.26q0-08 lay ie 1.000 1,041 
aie Sie bis ENTE 33000 f0-80qo.07 
g —— 1.070 0.940 
0 15 Up Cwf?-14q0.89 Cwf?-71q0.89 8250 6340 eS me ‘ 
Down Cwf?-74q0.91 Cwf?-71d0.91 7250 5340 33000 f0-28q0.09 33000 /0-29d0.09 pees Ones 
‘ Up s 2 7380 5600 C Cc 0.910 0.778 
" po Dae Chases Soa 7280 4870 $3000 GN 33000 fu ean pene 0.798 0.677 
- U 6450 4570 Cc 0.798 0.727 
0 ¥b { nite Cunfo-rede-sr Conrado 5450 4130 $3000 Pugs 33000 fo Pant 0.677 0.657 
s ; Cc C 
. Up Crf?-78d9.90 10360 8330 33000 fesagytu 33000 f0-25q0-08 1.091 0.990 
10 15 Cwf?-14d9.98 ps 
Down Cuf?.79d0 9 10490 7060 ge Nec gr a i I ge gia BS Rate) 0.940 0.838 
33000 f-nas it 
re r 12 Cuf?-16q0.87 Cwf?-72q0.88 9770 5750 33000 fe2qo.i8 35000 PAP 1.201 0.940 
Cc 
760.95 .73q0.94 1.030 0.778 
Down Cuf-76d Cuf? 10000 6430 33000 /0-24q0.06 suerte | 
Cc 
“A A ‘ Up Cwf?-70g0.87 Cwf?-87d0-84 7520 4970 $3000 ma 33000 fede 1.2383 1.000 
Down Cwf?-72d0-98 Cwf?-69d0.88 10310 4350 $3000 fo Bgne 35000 fae 1.192 0.758 
C1d0.04 
Fe FF a Crof?.79q1.08 Crof?-s2d0-88 20200 5270 “35009 PT 38000 A 1.465 0.940 
0.07 a 
D Cwf-1941.07 690.91 19900 4 ee oe ; ‘ 
own wf? Cuwf 5450 33000 Pt 53000 fosigos 1.344 0.849 
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(Milling euts were made up and down and on a land and in a groove as indi- 
cated. Data taken from Table 4.) 


Tests on S.A.E. 1112 Steel (Bar MF). The results of the 
milling tests on this steel are summarized in Table 5, in which 
are given the formulas obtained, the constants for the formulas, 
and the horsepower per cubic inch cut per minute for a specific 
cut for both groove and land cutting, as well as for up and down 
cutting. Fig. 6, similar to Figs. 2 and 4, shows the exponents 
and constants for the free-cutting steel as a function of the tool 
angles. It is seen that the values of the constants are reduced 
appreciably with an increase in rake angle up to 10 deg, but only 


slightly for greater values of rake angle. There does not appear 
to be a great difference in general characteristics between the 
curves for land and groove cutting. When the constants are 
plotted over the helix angles, however, there is shown to be a 
general and gradual increase in value, although a minimum value 
is reached in nearly all cases for the helix angle of 10 deg. The 
values of the depth exponent appear to be little affected by an 
increase in rake angle until an angle of 20 to 25 deg is reached, 
when there is a slight falling off in the curves. The feed expo- 
nent, on the other hand, seems to increase rather generally for 
rake angles above 10 deg. The depth exponent appears to be 
influenced but slightly for helix angles up to and including 30 deg, 
while the feed exponent seems to be increased uniformly for 
angles above 10 deg, for which minimum values occur. 

A comparison of energy values in foot-pounds per chip and 
horsepower per cubic inch of metal removed per minute, as indi- 
cated, are expressed as a function of the variable rake angle and 
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(Cuts were taken up and down both in a xa and on a land as indicated 
Data taken from Table 4.) 


the energy values for both up and down cutting increase for 
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_ (Cuts were made up and down and on a land and in a groove as indicated. 
Data taken from Table 5.) 
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TABLE 5 RESULTS OF TESTS WHEN MILLING S8.A.E. 1112 STEEL, BAR MF : 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 
Tool H 
angles, Method Formulas, energy £, in -—Horsepower per cu in. per——~. ee oy, - a 
: , deg of foot-pounds per chip Values of constant min, formulas per min per min 
Helix Rake cutting Groove Land Groove Land Groove Land Groove Land 
(ed 
Up Cwf?-78q0-86 10180 8350 a9000 f0.27A00 1.293 ; 
Po 0 Crofd-74go.90 ao 53000 fa? 1.212 
Down Cwf?-69q0-36 8440 5670 Dees Sa ee 1.071 0.99 
ss Ae 
oe, 10 Up Cuyso-sigo.ss A ie tags " 6360 6050 C 33000 0 %qa-10 , 0.959 0.93 
Hee ak Salaa per ay CO Pe s5000 : ae is 
Cc C 
4 a 1 Up Cuf?-7749 Crf?-74d9-90 7550 6560 33000 fo-mdi- 33000 fP-#ae- 0.930 0.848 
D Cf? 769-6 Cwf?-7149-8 5710 4570 f 
own wf? wf? 35000 mai 33000 7 gps 0.768 0.725 
4 - ' Up Cwf?-79d9 83 Cwf?-72d9-7 6450 4920 3000 fo-Fae-H 53000 ah 0.758 0.73 
D Cwft-76q0.56 Crof?-0940-81 5360 39 =e fot ; 
own wft wf? 10 33000 fo aaa 33000 pride 0.677 0.664 
Up Crwf?-80g0.82 Cwf? odo 84 6250 5080 (Y 33000 f0-%q0-16 0.718 0.705 
0 25 33000 f-2q9-18 CG 
Down Cwf?-70g0.84 5710 3710 33000 fo qos 0.657 0.643 
Cc Cc 
“ - pe Cruf?-74d0-% Cuf0-72q0.82 6340 4960 53000 7) BON pare 35000 ma 0.899 0.828 
760.86 690.82 4 oe See EH oe Se te : E 
Down Cuof?-t8d Cuf?d 5940 3810 000 Ra T000 0.768 0.726 
M0 15 ' Up Cowf?-8140-86 Cowf?-78q0.90 9100 7740 33000 fo-19q9-14 aa Nea: 0.910 0.815 
; Di Smge Sy coeds Cwf?-79d9-56 8180 2 tN vs See 33000 fo qo. 0.819 0.74 
C 
a i. Up Cups Crnf0-16q0.88 8800 6470) C 33000 fora? 0.960 0.877 
Down Cufo.73g0.88 7770 4930) 33000 fo-21q0-12 33000 fo age B.888 0.77 
U : 12780 7170 Bel! oe ee ee 1.051 0.87 
40 15 { Dead Cuf?-52d0.% Cuf?-76d9-88 { 12100 6520 33000 f0-18q9-05 33000 f0-2449.12 0.940 0.788 
variable helix angle in Fig. 7 for both groove and land cutting. * | | | 
The curves for groove cutting are higher than the corresponding ai 
curves for land cutting. Also, the curves for down cutting are Wz 
- uniformly lower than those for up cutting. The energy or power Suhel! te 
if : ES) 
values are seen to be maximum for 0-deg rake angle, and to fall x Unel0. LANDA 
_ off uniformly, as the rake angle is increased, to almost a mini- = 9189. 
; mum for a rake angle of 25 deg. It appears that for greater Ps ais 3 
_ values of rake angle there would be no further appreciable reduc- e's a — 
. . . F x 
tion in energy values. The energy values as a function of the a {g — 
| helix angle are shown to be practically constant when cutting ora Pr | 
| on the land, indicating that the helix angle does not lead to ef- Do RTS Aa ISen ZO eS ee EIO AE 
- ficiency from a power point of view. When cutting in a groove, ee a nt Ei ior a a 
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(Cuts were taken up and down both in a groove and on a land as indicated. 
Data taken from Table 5.) 


values of helix angle above 20 deg, due undoubtedly to the drag 
of the chip on one side of the groove. 

Tests on S.A.E. 3250 Steel (Bar A-7). The results of the ex- 
periments in milling S.A.E. 3250 steel are shown in Table 6, in 
which are given the formulas for energy per chip, the values of 
the constants for the energy equation, and formulas for horse- 
power per cubic inch per minute, together with specific values 
of horsepower per cubic inch of metal removed per minute when 
milling up and down in a groove and on a land. An analysis 
of the constants and exponents of the formulas as influenced by 
variable rake or variable helix angles is shown in Fig. 8. 

The depth exponent appears to be nearly constant over a wide 
range of rake angles and also over a wide range of helix angles. 
For the largest rake and helix angles, however, the exponent for 
groove milling is high. The feed exponent seems to fall off uni- 
formly and appreciably as the rake angle is increased, but re- 
mains practically constant over the whole range of helix angles 
used. This holds for both up and down milling on a land or in 
a groove. The constants of the formula fall off quite uniformly 
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TABLE 6 RESULTS OF TESTS WHEN MILLING 8.A.E. 3250 STEEL, BAR 4-7 


(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 


Horsepower per 
cu in, per min 


Tool angles, Method Formulas, energy /, in 
Helix Beare shoes Rea eS aa hip. Groove 
Up Cf?-r1q0-81 Cruf?82d0-85 11400 
: 1 Down Cwf?-77d0-98 Cwf?84d0-86 14880 
0 10 {Be UD ei Crof?-t6d0.91 Crwf-78¢0.90 10750 
0 15 {pe Doren Cruf.74q0.92 Crufo-1640-88 9720 
0 20 {pe pees Crofo-11d081 Cuf0-73q0.81 6780 
0 ae ee Cruf-8840-% Crrf? sido. 7040 
10 ee nes Crof?-t69.88 Cuf?-70q0-88 9880 
et 
30 16 “Hees Cf? 7200-88 Crofo-7q.98 10000 
40 15 Sess Cufo.74q0-98 Crnfo-73q0-98 18450 
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(Milling cuts were made up and down and on a land and in a groove as indi- 
cated. Data taken from Table 6.) 
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Fie. 9 Errect or Various RAKE AND HELIx ANGLES OF THE CurT- 
TER ON THE PoweR AnD EnerGy VaLurs WHEN Muiuine S.A.E. 
3250 StpgL, Bar A-7 


(Cuts were taken up and down both in a groove and on a land as indicated. 
Data taken from Table 6.) 


for all cutting conditions as the rake angle is increased from 0 to 
25 deg. The constant slightly increases, however, for up and 
down land milling for helix angles above 10 deg. For groove 
milling, the constant“Appears to be quite erratic, particularly 


Values of constant 


-——Horsepower per cu in, per 


min, formulas 


Land Groove Land Groove Land 
13360 On ssooo Nae 1.343 1.313 
13630 SOOO ® S500 1.455 1.212 
10500 ss000 ea {sooo ew 1.263 re 
8860 spon su000 1.172 1.07 
6880 sg000 PE jaoo0 ae 1.05 0.939 
ae ae re emog rer  adaie 0 
8480 sso ee 53000 PEER 1.242 1.07 
9530 ONS So PS ii 1.11 
10670 jguo por gamer 1.516 1.15 
12250 & e 1.940 1.212 


33000 /0.26d9 02 


33000 fo 240.0% 


for helix angles of 20 and 40 deg; otherwise they are unaffected 
by the helix angle. 

The energy and power values appear to fall off for both up and 
down milling, as well as land and groove milling, as the rake angle 
is increased, as shown in Fig. 9. In up and down milling on a 
land, the energy values for the 0- and 10-deg. helix angles are 
the same, but they become greater as the helix angle is increased 
above 10 deg. The energy values for groove milling both up 
and down, as a function of helix angles, are extremely out of order 
for helix angles above 20 deg, as shown by the unusual lines of 
the curve. Again it is noticed that the power values for groove 
cutting are consistently above those for land cutting as would 
be expected. 


Discussion oF SINGLE-Point-CutTTHR Data 


In beginning the discussion, the authors wish to point out and 
make clear a fact which has been found repeatedly: if the ma- 
terial is changed, the constants and exponents in the formulas, 
as well as the energy values, are changed. Also, if the cutter is 
changed, the constants, exponents, and energy values are changed. 

With this in mind, the object of this particular study in the 
Elements of Milling has been to compare various tool angles, 
various sizes, and methods of cut on only enough metals to be 
reasonably sure that the conclusions reached will hold in general 
for most metals. 

After a complete series of tests was run on the free-cutting 
brass and formulas were determined, it was discovered that the 
formula for the 0-deg helix, 15-deg rake tool did not check the 
corresponding formula given in the first report. The two equa- 
tions were as follows: 

From the first paper: 


E = Cwf?-76q0-96 
From the second test: 


E 


ll 


Crnf?-85¢0-96 


A certain experimental error, of course, was to be expected. 
A difference in the feed exponent from 0.76 to 0.85, however, 
hardly could be considered as an experimental error. Also, the 
energy values and constants varied somewhat. Repeated 
checks confirmed the accuracy of the second series as represented 
by the second formula. The cutters used were the same brand 
of high-speed steel, and equal care was taken in each case in the 
grinding. Further check tests were run on the piece of stock 
used in the first paper. These tests were found to give a feed 
exponent of 0.77, comparing favorably with 0.76 of the first 


paper. Obviously, the material used in the experiments for this 
second paper had some different physical characteristics from the 
_ specimens used in the first paper, showing that the material at 
different parts of the same bar was not uniform. 
| Recently, a series of comparative tests was run on cold-drawn 
brass rod about 7/16 in. in diameter, which showed machining 
differences in different lengths depending upon which end of the 
_ billet was machined. Differences in grain size, in heat treatment, 
or small differences in composition all affect the values obtained. 
' It is surprising, however, to note the uniformity obtained in the 
q ‘yalue of the exponents of feed and depth in the energy equation 
when cutting different types of steels as explained below. It pre- 
' viously has been found that, in determining equations for torque 
» and thrust in drilling steel under a wide variety of cutting condi- 
' tions and covering many types of steels, the same equations 
have been developed repeatedly. 
In order to arrive at the general tendencies introduced by the 
_ variables of the cutters and methods of cutting steel, the results 
q \in the three steels tested have been correlated. Of the three steels 
tested, S.A.E. 1112 steel gives energy values slightly below the 
_ average for steel, S.A.E. 1020 gives energy values presumably 
_ fairly average for steel in general, while S.A.E. 3250 gives power 
values slightly above the average steel. Steels S.A.E. 1020 and 
_ §.A.E. 1112 give lower values of energy when cutting down than 
‘ when cutting up, while S.A.E. 3250 shows very little difference 
in energy values for these two types of cuts. By averaging all of 
the data for these three steels, it is believed a general picture of 
the effect of angles, methods of cutting, etc. is obtained for an 
average steel. This picture may be compared with that for 
each individual steel. 
Variation of Constant in Energy Equation. The average values 
of the constants in the energy formula for the three steels are 
_ shown plotted over the rake angle or hook in Fig. 10. The con- 
_ stants for cutting down are considerably lower in all cases, ex- 
cept that for 0-deg rake, than when cutting up. The constant 
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' (The horsepower-per-cubic-inch-per-minute values as averaged for the three 
steels also are shown. The cut was 0.300 in. wide, 0.100 in. deep, and the 
feed per cut was 0.010 in.) 


on an average for the 25-deg rake angle is about 55 per cent of 
that for the O-deg rake angle. There is a tendency, however, 
_ for the constant curves to become horizontal for the greater 
i values of rake, which agrees in general with similar experiments 
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conducted with an end-cutting planer tool in which the back rake 
was varied. It also is seen that the constants for land cutting 
are considerably lower than the corresponding values for groove 
cutting. 

The constants when plotted over side rake or helix angles in 
Fig. 10 are seen to remain practically the same, with perhaps a 
slight increase, for all side-rake angles up to and including 30 deg. 
There is a marked increase in the value of the constant for the 
40-deg side-rake angle, due presumably to excessive metallic 
distortion of the chip. This same condition was found when 
studying side-rake angles on end-cutting planer tools. The con- 
stants are higher for groove cutting due undoubtedly to increased 
friction. 

Variation of Horsepower per Cubic Inch per Minute. Average 
values of horsepower per cubic inch per minute when taking a 
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cut 0.300 in. wide, 0.100 in. deep, with a feed per cut 0.010 in., 
when using a tool 0.300 in. wide with various values of side rake 
and helix, are shown in Fig. 10. The power per cubic inch per 
minute is seen to fall off in almost direct proportion to the in- 
crease in rake up to and including 20 deg. There appears to be 
little increased efficiency due to a further increase of the rake 
angle to 25 deg. The curve for groove cutting up is well above 
that for land cutting up; also, that for groove cutting down is 
above that for land cutting down. However, the curves of horse- 
power per cubic inch per minute for groove cutting down and 
land cutting up show about the same values. The values of 
horsepower per cubic inch per minute, as an average, show but 
a slight increase for the 15-deg rake tool when the helix angle is 
increased from 0 to 20 deg. For higher helix angles, however, 
when cutting in a groove, the power increases rapidly due to 
side friction, but for land cutting the same tendency as indicated 
for lower helix angles is maintained. 

Variation of Exponents of Depth and Feed. With the average 
of the exponents for feed and depth plotted over the variable 
rake or helix angle in Fig. 11, it is seen that the exponent for 
depth when cutting down averages higher than when cutting up; 
also, that the exponent of the feed when cutting down averages 
lower than when cutting up. Except for high depth exponents 
for high helix angles in groove milling, all exponents are 
practically constant, with the following slight but consistent 
tendencies: 

1 The depth exponents fall off slightly with high rake angles, 
and rise slightly for high helix angles when milling in a groove. 
But when the milling is done on a land, they are practically 
constant. 

2 The feed exponents remain practically constant as the 
rake angle increases, although a slight decrease is apparent for 
land cutting. The feed exponents remain practically constant 
as the helix increases, except for extreme values of helix in groove 
cutting where the exponent is high. 
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ComMENTS ON FinisH PRODUCED 


No great difference in finish for a given type of cut was noticed 
due to changing tool angles. The nature of the tests excluded 
any possibility of studying cutter life. An investigation of 
finish, cutter life, and pressures is planned on apparatus already 
set up. 

The difference in finish on up and down milling, however, was 
quite apparent. The finish on up milling was, in general, smooth 
and shiny or glassy in appearance. Very often it showed distinct 
feed marks and scratches which were sometimes quite deep. 
The chips had a tendency to cling to the cutting edge, and, if 
left on, would be dragged under the cutter on the next cut, mar- 
ring the surface. On down cutting, the finish was smooth but 
duller with a satin-like appearance. Feed marks were usually 
not visible, but on some materials the surface produced was 
rougher. Chips had little tendency to cling to the tool and did 
no harm, as they would be knocked off at the start of the cut, 
whereas the finish is made at the end of the cut. 

Chatter marks were more common when cutting up than when 
cutting down. As far as chatter and finish were concerned it 
was usually possible when milling down to increase the feed con- 
siderably over that when milling up. 

Shape of Chip. Chips taken by the two different methods 
often showed distinct characteristics. When down milling the 
screw-stock steel S.A.E. 1112, for example, very tightly rolled 
chips were produced. On up milling, the chips were straight 
or flat. These characteristics were observed for all variable 
back-rake-angle tools, but when the tools of increasing helix angle 
were used the chip forms approached each other, the down-milled 
chips becoming less tightly rolled and the up-milled chips tend- 
ing to curl. Chips from the 30- and 40-deg helix-angle cutters 
were almost identical for both methods of cutting. 

When down milling the chromium-nickel steel S.A.E. 3250, 
the chips were flat, whereas tightly rolled chips were obtained on 
up milling. Again these differences disappeared with the higher 
helix-angle tools. 

In general, it may be said that the down-milled chips are rolled 
more tightly than the up-milled chips, the exceptions occurring, 
in most cases, with those metals that show little or no difference in 
energy values for the two methods. 

Buili-Up edge. Undoubtedly, chip form is influenced by the 
built-up edge. In general, a better developed built-up edge 
forms on milling down. It seems reasonable to expect that a 
large, well-developed edge will coil the chip, while a small poorly 
developed edge might allow a flatter chip to be formed. This 
is borne out by observing the chips. In the case of the S.A.E. 
3250 steel, a well-developed edge was formed, the chip was flat in 
down milling, but was coiled in up milling. This action was con- 
trary to that generally observed. In fact, exceptionally large 
edges were noticed for this steel, and the surface left by down mill- 
ing was rougher than usual, due to the roughening effect of the 
built-up edge. 

Because of this roughening effect of the built-up edge, it is 
possible to detect from the chip the history of its formation. 
The under face of the chips is highly burnished for a distance, 
depending upon the metal, up to 1/16 in., which corresponds to 
1/3 to 3/s, in. actual length of cut. Then the surface loses its 
luster and reaches a maximum degree of roughness in an added 
1/,, in. of length. Well-developed edges are often found with 
depths of cut of 0.025 in. or less, corresponding to about 1/, in. 
length of cut with the 3.5 in. in diameter cutter, but as a rule 
somewhat longer length of cut is necessary for the fully developed 
edge. After being built up, further increase in depth of cut 
does not change it materially. Also, less length of cut to form 
this edge is required for down milling than for up milling, the 
amount of this difference depending upon the metal and appar- 
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ently influenced by tool angles, especially back rake. This dif- 
ference usually decreases as the back-rake angle increases. 

The burnished length on the chip generally increases somewhat 
as the back rake is increased, but some of this increase may be 
due to less compacting of the metal in the chip. That is, the 
chips are longer for the same size of cut. The edge is usually 
thicker for the low back-rake angles, but does not seem to re- 
quire much, if any, greater length of cut for its formation. 
Changing the side rake or helix angle does not seem to change the 
formation of built-up edge to any extent, but does affect the 
rolling of the chip. 

A more detailed and scientific study of the important factor of 
built-up edge has not been undertaken because of the nature of 
the tests. The authors expect to do this in the course of tests for 
the next paper of this series when a standard milling machine 
will be used and cuts will be taken as the work is fed. 


Anazysis or Some Mituwne Data OsTaIneD UNDER CoMMER- 
CIAL CONDITIONS 


In 1929, a thesis, “Milling Cutter Efficiency” (Experiment 
Station Project No. 85), was presented at the Ohio State Uni- 
versity by four men, Otto W. Winter, Charles E. Beard, Howard 
W. Allison, and Robert J. Duerler. The work, involving an 
expenditure of several thousand dollars, was sponsored by the 
Cincinnati Milling Machine Company. A total of about 24,000 
cuts were run. 

In discussing “Elements of Milling,”* Mr. Winter® suggested 
that a comparison of these data with those given in his report 
might be of distinct value. 

In the Ohio State experiments, standard coarse-tooth high- 
speed-steel cutters were used having spiral and under-cut teeth. 
A wide range of feeds and depths of cut were covered. The ma- 
terials cut consisted of cast iron and S.A.E. 3125 to 3140 steels. 
Power data were presented as calibrated net horsepower at the 
cutter for specified cuts, feeds, cutters, and material. All cuts 
were taken in the conventional manner—that is, up cutting. 
An emulsion consisting of 1 part Sunoco soluble oil to 20 parts 
water was used on the steel, but the cast iron was cut dry. 

Because the data were taken with standard cutters on a stand- 
ard milling machine and because such a wealth of data is available 
covering a range of feeds, depths of cut, and widths that were 
not possible with a small pendulum tester, the authors believed 
that much could be learned and many questions answered by 
recomputing these data and comparing the results with those of 
the paper. 

Apparatus. The apparatus used in the Ohio State experiments 
consisted of a no. 2M Cincinnati plain miller of the latest (1929) 
inclosed, 7.5-hp-motor type, equipped with a wattmeter for 
registering gross power developed. 

By means of a prony brake mounted on the spindle of the ma- 
chine, efficiency curves of the motor and machine were deter- 
mined for every speed and load variation. Power absorbed in 
the feed mechanism was neglected. This introduced a small 
variable error. Standard cutters of the shell-end, half-side, 
slotting, and slabbing types were used. 

Procedure. The procedure of the tests was to take four cuts, 
from which the average power value was determined. If the 
data varied widely, additional cuts were taken. The dimensions 
of the cut, that is, the width and depth, were determined from the 
size and type of the cutter used, as indicated in Table 8. The 
feeds varied from 1/2 to 20 in. per min. 

As stated in the thesis, “Probably the greatest cause of power 
requirement variation, and certainly one that caused us much 
trouble, was the condition of the cutting edge. Throughout the 


4 Trans. A.S.M.E., vol. 54, 1932, paper no. RP-54-4, 
5 Cincinnati Milling Machine Company, Detroit, Mich. 


“course of the tests, we endeavored to run each of the four cuts, 
constituting a test, at varying periods of the life of the cutter 
between sharpenings.” It follows that the data presented are 
not for the sharp condition, but rather for an average or partially 
dull condition of the tool. 

' Data. The data were presented as a series of curves, as illus- 
trated in Fig. 13, for specified widths and depths of cut giving 
- net horsepower (at the cutter) values plotted over feeds in inches 
| per minute. A separate set of curves was presented for each 
combination of cutter and material. 

’ In the following analysis by the authors, by depth of cut is 
' meant the distance of metal cut measured in the plane of rota- 
tion of the cutter, and width of cut the distance measured on a 
line parallel to the axis of the cutter, and has nothing to do with 
_ the shape of the work or the position of the cut. This is a logi- 

cal procedure and enables direct comparison of all data including 
‘that of the authors. It is usual to think of these dimensions as 
being reversed in a face-milling type of cut, and consequently 
the meaning of the designations d for depth and w for width, as 
shown in Fig. 12, should be kept in mind. 

In Fig. 12 are shown five different types of cutters, each taking 
» its typical cut. The principal object of this illustration is to 
indicate what is meant in each case by depth of cut d and the 
_ width of cut w. In the case of the plain milling cutters at A, 
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where the cut is being made on a land, the cutting teeth are in 
contact with the work only along the face of the land or on the 
periphery of the cutter. At B, in which a groove is being cut 
with a side or slotting mill, a cutting action occurs on the cylin- 
drical periphery of the cutter and also on both ends or faces of the 
cutter. At C, in which a half-side mill is being used, the teeth 
are cutting on the periphery and on one end of the cutter. This 
same condition maintains with the shell-end mill at D and the 
facing mill at #. 

From an analysis of the cuts A, B, and C, it might be expected 
that the half-side cutter would give energy values intermediate 
between the plain mill cut at A and the side or groove-cutting 
cutter at B, for the same size of cut. Data showing the rela- 
tion of various factors in the energy equations are given in Table 
8, and are covered under the discussion of the Ohio State Experi- 
mental data. It is found, however, that the net energy values at 
the cutter, as determined by subtracting the frictional power of 
the machine from the gross power input as measured by the watt- 
meter, give energy and power equations for all five cuts of the 
general type # = Cwf’d’, which corresponds with all energy 
equations determined on the single-tooth pendulum-type tester. 

Computations of Ohio State Data. An example follows showing 
the method of computing energy values per chip as a function 
of feed and depth of cut from the net horsepower values obtained 
in the Ohio State tests. 

The cutter in this case was a shell-end mill 5 in. in diameter, 
as illustrated in Fig. 13. It had 12 teeth having 10-deg rake 


TABLE7 


(Values of energy in foot-pounds per chip for various combinations of feed, 

depth of cut, and width, determined in the Ohio State experiments. Aver- 

age values offtpower shown by circles in Fig. 13 were used. An end mill 

having 12 teeth, 10-deg rake, and 15-deg helix was used in cutting 8.A.E. 

3125-3140 steels. An emulsion of 1 part oil to 20 parts water was used. 
Values are shown plotted in Fig. 14) 


1 /s-in,-wide cut 3/i6-in.-wide cut 1/s-in.-wide cut 


——Feed— Energy Energy Energy 
Depth In. In. Hp ft-lb Hp ft-lb Hp ft-lb 
in per per at per at per at per 
inches min tooth cutter chip cutter chip cutter chip 
2 0.5 0.00091 0.25 15 0.25 15 0.3 18 
0.75 0.00136 0.32 19 0.32 19 0.43 26 

1.0 0.0018 0.40 23.6 0.45 Ze O57 33 

1.4 0.00254 0.48 29 0.60 36 3 =60.75 45 

1.9 0.00344 0.6 36 0.75 45 1.0 60 

2.6 0.0047 0.75 45 1.0 60 1.3 72 

3.9 0.0071 126 60 1.4 84 1.9 114 

5.5 0.010 1.25 75 1.9 114 2.45 147 

7.4 0.0137 1.56 94 2.4 144 3.2 192 

10.75 0.0195 2.25 135 3.5 210 4.5 270 

15.0 0.0272 3.1 186 4.7 282 86.2 370 

20.0 0.0363 4.16 250 6.2 370 ae pate 

0.5 0.00091 0.35 21 0.35 21 0.45 27 

0.75 0.00136 0.45 27 0.5 30 360.65 39 

1.0 0.0018 0.57 34 0.67 40 0.80 48 

1.4 0.00254 0.70 42 0.85 51 1.15 69 

1.9 0.00344 0.87 52 1.2 tiie OB RY) 90 

2.6 0.0047 1.25 75 1.5 90 1.8 109 

3.9 0.0071 1.5 90 2.0 120 2.7 162 

5.5 0.010 1.9 114 2.7 162 _-3..5 210 

7.4 0.0137 2.5 150 3.6 216 4.6 278 

10.75 0.0195 3.4 204 5.0 300 «6.4 384 

15.0 0.0272 4.4 264 6.8 407 nee ane 

20.0 0.0363 6.0 360 ah ae nd 

4 0.5 0.00091 0.47 28 0.5 30 0.70 42 
0.75 0.00136 0.6 36 0.73 44 1.0 60 

1.0 0.0018 0.75 45 0.9 54. «1.15 70 

1.4 0.00254 1.0 59 1.2 72 1.58 95 

1.9 0.00344 1.25 75 T35 90 1.9 115 

2.6 0.0047 1.5 90 1.9 1156 «2.5 150 

3.9 0.0071 2.0 119 2.7 156 3.4 204 

5.5 0.010 2.5 150 3.5 210 4.5 270 

7.4 0.0134 3.2 192 4.55 274 5.6 336 

10.75 0.0195 4.3 258 6.0 360 rate 5 

15.0 0.0272 5.5 330 we Aes we = 

20.0 0.0365 tine? 432 aes hers se = 

5 0.5 0.00091 aCe vara 0.65 39 =—(OO.8 48 
0.75 0.00136 aaa Fons 0.9 564 1.1 67 

1.0 0.0018 Ah mee 1.2 72 1.33 80 

1.4 0.00254 bate this 1.5 90 wls8. 114 

1.9 0.00344 An rare 2.0 120) 2.5 150 

2.6 0.0047 Arg be 2.67 160 3.2 192 

3.9 0.0071 2.4 144 3.6 216 4.4 264 

5.5 0.010 3.0 180 4.5 270 «25.6 335 

7.4 0.0134 3.8 228 5.7 340 6.7 400 

10.75 0.0195 5.0 300 7.5 450 nee are 

15.0 0.0272 6.2 372 Seas nde : 

20.0 0.0365 8.0 480 mY; bee 
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(Cutting S.A.E. 3125-3140 steels and plotted on log-log paper for various combinations of feed, depth of cut, and width of cut. 
part soluble oil to 20 parts water was used. Energy values from Table 7. 


angle and 15-deg spiral or helix angle. It operated at 46 rpm, 
corresponding to a peripheral cutting speed of 60 ft per min. 

The data cover tests on S.A.E. 3125, 3130, 3135, and 3140 
steels as shown plotted in Fig. 13. For recomputing, however, 
an average of the values was used. 

The number of chips removed per minute is the rpm times the 
number of teeth in the cutter and equals 46 X 12, or 552, in this 
case. The feed in inches per tooth is found by dividing the feed 
in inches per minute by the number of chips removed per minute. 
The horsepower is equal to the energy in foot-pounds per chip 
times the number of chips removed per minute divided by 33,000. 
In this case, E (the energy per chip) = 60 times hp. 


An emulsion of 1 
The general formula was obtained in which EZ = 14,600 wf®-88d0.90.) 


Table 7 shows the feed in inches per minute and inches per 
tooth for 12 different feeds, and the horsepower and energy values 
for 4 depths and 3 widths of cut and for all feeds for this combina- 
tion of cutter and material. 

Discussion of Ohio State Data. Data for the shell-end mill cut- 
ting S.A.E. 3125-3140 steels, as taken from Table 7, are shown 
plotted in Fig. 14. Three widths of cut, 1/s, */1s, and !/4 in., were 
run, and the data are grouped accordingly into three groups. 
Four depths of cut of 2, 3, 4, and 5 in. were taken for each of 12 
feeds, ranging from 1/2 to 20 in. per min. These feeds correspond 
to 0.00091 to 0.0363 in. per tooth. In Fig. 14 the three sets of 
curves at the left, indicated by F, show energy values in foot- 
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pounds plotted over feed per tooth as abscissas. In the upper 
two cuts, for the */;, and 1/, in. widths, the points are seen to lie 
very consistently on straight lines. In the lower set for the 
1/, in. width, however, the points appear to lie on a line slightly 
concave for the lighter feeds. The solid lines in this set at the 
right have the same slope as those of the two upper groups, while 
the dotted lines represent the energy data for these light feeds. 

The average slope of the solid lines is 0.833, while that for the 
dotted lines is 0.68. The slopes of the 4- and 5-in.-depth curves 
of the %/,.-in.-wide cuts and the 4-in.-depth curves of the 1/,-in. 
cuts are slightly lower than the average. For these lines, it will 
be noticed that the energy values are relatively higher for the 
lighter feeds. This may indicate the influence of a dull cutter. 
The slope of the 2-in.-depth curve of the 1/,-in.-width cuts is 
higher and the energy values are also somewhat lower, compared 
with the other data, toward the lighter feed end of the curve, 
which may indicate that the cutter was a little sharper than aver- 
age. 

It is known that the energy per chip varies very nearly as the 
first power of the width of cut, other conditions remaining the 
same. However, the relatively high values of the points on the 
dotted lines probably are not due to dulling, as they are too con- 
sistent, but may be due to the radius of the cutter teeth nose, 
which would have much more effect on this narrow cut, especially 
at smaller feeds. 

The data for the two widths of 1/s and #/i5 in. have been re- 
plotted over the various depths of cut, resulting in the two sets 
of curves at the right in Fig. 14, labeled D. Apparently, a 
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change in the slope of the variable-feed lines for the !/s-in.-width 
cuts has had little effect on the variable-depth curves. The 
average slope for both sets is 0.903. 

From the slopes of the variable-feed and variable-depth curves, 
a general milling-energy formula for this material and cutter 
can be written as 


E = 14,600 wf®-83q0- 90 


in which £ is in foot-pounds per chip, f the feed per tooth in 
inches, d the depth of cut in inches, and w the width of cut in 
inches, as illustrated in Figs. 12 and 13. 

From Fig. 14 several interesting and valuable facts are noted. 
A formula of the type H = Cwf*d” is found to hold, even when 
the depth of cut equals the diameter of the cutter. As is men- 
tioned farther on under “Mathematical Analysis,’’ for this latter 
condition there is no difference in cutting action between up and 
down milling. The curves verify the fact that the dulling of a 
cutter not only increases the energy values, but reduces the slope 
of the curves. The reduced slope and high values indicated by 
the curves for the smaller feeds of the narrow !/s-in.-wide cuts 
may involve the effect of nose radius. 

Fig. 15 shows graphically on log-log paper the energy data for 
an alternate tooth slotting cutter 6 in. in diameter and 1 in. wide. 
It has 24 teeth, having 10-deg rake and 15-deg alternate helix. 
S.A.E. 3125-3140 steels were used, and six depths, namely, 
1/3, 1/4, 3/s, 1/2, 1, and 11/2 in. were run, each with 12 feeds varying 
from 0.000488 to 0.0195 in. per tooth. Two sets of curves are 
shown. Those labeled F at the left are for variable feed and 
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Cutting §.A.E. 3125-3140 steels and plotted on log-log paper for various combinations of feed, depth, and width of cut. 
: J “é The formula developed from these data is H = 8800 wf?-7385q0.83,) 


oil to 20 parts water was used. 


An emulsion of 1 part soluble 
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Feed jin inches per tooth 


Fie. 16 Vatuns or Enercy as Computep From THE Onto STATE EXPHRIMPNTS FOR THE SPIRAL 
Stas Mriuz 4 In. 1n Diameter, 6 In. Winn, Havine 10 Trento, WiTtH a Rake ANGLY or 10 Dua 
AND A SPIRAL ANGLE OF 25 Dua 


(Cutting S.A.E. 3125-3140 steels and plotted on log-log paper for various combinations of feed, depth, and 


width of cut. 


The 1-to-2@emulsion was used. 


/ 


The general formula obtained is Z = 8000 wf®-72d0-81,) 


constant depth, with the energy 
values plotted over the feed, and 
those labeled D at the right are for 
variable depth and constant feed, 
with the energy values plotted 
over the values of depth. 

The data are exceptionally con- 
sistent, and, due to the compara- 
tively large number of depths run, 
the slope of the variable-depth lines 
is well defined. The slopes of the 
two sets have been measured and 
result in the equation for energy 
values per chip for this cutter and 
material, as follows: 


E = 8800 Ufo Tq 0-88 


It was assumed that the length 
of each tooth was equal to the 
width of the slot, inasmuch as 
definite information was lacking. 
This is not correct, however, so 
the constant given is slightly lower 
than is actually true. 

The energy values for a spiral 
slab mill when milling the S.A.E. 
3125-3140 steels are shown plotted 
in Fig. 16. The cutter was 4 in. 
in diameter, 6 in. wide, and had 10 
teeth, with 10-deg rake and 25-deg 
helix. Four widths of cut of 2, 3, 
4, and 5 in. were run for each of 
three depths of */s, 3/15, and 1/4 in. 
The 12 feeds used ranged from 
0.000953 to 0.0381 in. per tooth. 
Four sets of variable-feed curves, 
labeled F at the left in Fig. 16, 
result from the recomputation. 
Of these, three sets, namely, the 
curves for widths of 2, 3, and 4 
in., have approximately the same 
slope of 0.72, while the set for the 5 
in. width is somewhat steeper with 
a slope of 0.81. Variable-depth 
curves are not shown because 
of insufficient number of depths 
run and general inconsistency of 
the data. To estimate what this 
exponent would be, points have 
been taken from the straight lines 
and plotted, resulting in curves D. 
The average slope of these lines is 
0.81, which probably is not exact. 

These same points have been 
plotted over variable-width values 
in an attempt to check the as- 
sumption that energy values vary 
directly as width. These curves 
are shown at W, but the data are 
too inconsistent to draw definite 
conclusions. The resultant 
straight lines shown have a slope 
of 1.0, which would be expected 
for this range of widths. 

The milling-energy formula for 
this cutter and material is then 
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Feed in inches per tooth 


Depth in INChES 


Fic. 17 Vaturs or Enprey aS ComputeD From THE OHIO State EXPHRIMENTS FOR THE ALTERNATE-TooTH SLOTTING CUTTER 
DeEscRIBED IN Fia. 15 
(Cutting cast iron dry, as summarized in Table 8. The energy equation is H = 2000 wf®-5éd0-56.) 


E = Cuf?-72q9-81 


in which C = 8000. 

Recomputed values of the Ohio State Experiments are given 
for the alternate-tooth slotting cutter cutting cast iron dry. 
The values are shown graphically in Fig. 17, with the energy 
values for a constant width of 1 in., for various depths from 1/s 
to 11/2 in., plotted over the feed in inches per tooth. A series of 
parallel lines are obtained, the slopes of which all equal 0.56. 
When the energy values for constant feed are plotted over depth 
of cut in inches, again a series of practically parallel straight lines 
are obtained the slopes of which are 0.66. This gives an energy 
equation as developed from these series of lines of 


E = 2000 wf®-8eq0-68 


Recomputed values of energy in foot-pounds per chip for the 
half-side mill cutting cast iron are shown plotted over the feed in 
inches per tooth in Fig. 18. Four sets of curves are shown, for 
widths of cut of !/s, */:6, 1/4, and */gin. These data are seen to 
be more erratic than any other presented. For each width of cut, 
four lines indicate the general tendencies of energy fluctuations 
over feed per tooth, for four depths of cut of 1/2, 1, 11/2, and 2 in. 
While there are numerous inconsistencies, the general tendency 
of the lines is to slope from the horizontal at an angle whose tan- 
gent is 0.71. The results were quite inconsistent for accurate 
determination of the slope of the variable depth lines for constant 
feed, although a slope of 0.91 had been obtained as representing 
an average. This gives the general energy equation in foot- 
pounds per chip as 


E = 5300 wf?-T1q0-%1 


It is believed that, in the case of half-side milling in which only 
one cutter is mounted on the arbor, an end thrust is imposed on 


the spindle bearing which gives rise to frictional forces which 
materially influence the power developed by the motor. This 
influence is not accounted for in the calibration. 

Graphs similar to those shown in Figs. 14 to 18, inclusive, 
were prepared for the half-side mill cutting S.A.E. 3125-3140 
steels, and for the shell-end mill, slabbing mill, and a face 
mill when cutting cast iron dry. For brevity, however, only 
Figs. 14 to 18 are presented here. Data for all of these curves 
are summarized in Table 8. 

In milling the S.A.E. 3125-3140 steels with the 1-to-20 emul- 
sion with the shell-end mill, alternate-tooth slotting mill, slabbing 
mill, and half-side mill, various formulas and constants were 
obtained as summarized in Table 8. It is seen, for instance, that 
the energy in foot-pounds per chip formulas for slotting and slab- 
bing are practically identical with the coefficients of feed and 
depth and also the constants of the slotting mill only slightly 
higher than those for slabbing. The rake angle of the two cut- 
ters is 10 deg, while the helix angle is 15 deg for the slotting mill 
and 25 deg for the slabbing mill. The results confirm those of 
the authors’ experiments that a difference in helix angle causes 
very slight, if any, differences in the equations. The energy 
equation for the half-side mill cutting steel has exponents only 
slightly higher than the corresponding ones in the slotting and 
slabbing mill equations. It might be expected that this equa- 
tion would be between those for slotting and slabbing, inas- 
much as it represents only one-half side of the slotting. This is 
not borne out, however, and, the constant itself being consider- 
ably higher than the constants for the slotting and slabbing 
mills, would indicate greater friction on the spindle bearings 
due to end thrust. There appears to be considerable difference 
between the equations for the shell-end mill and the half-side 
mill. This, from analysis, would not be expected, inasmuch as 
they have the same rake and helix angles. The constant for the 
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(Cutting cast iron dry, under the conditions summarized in Table 8. 
tign developed is H = 5300w/f?-71d9.91.) 


Rake AND 15-Dree Heirx 


The general equa- 


FE ee Oe 


shell-end mill formula is greatest of all cutters, 
due presumably to greater end thrust on the 
spindle, inasmuch as the depth of cut ranges from 
2 to 5 in., whereas that for the half-side mill is 
from 1/; to 2 in. 

At the extreme right in Table 8 are shown values 
of horsepower per cubic inch per minute for each 
of the various cutters when taking 0.010 in. feed 
per tooth and a depth of 1 in. The slabbing mill 
is most efficient, while the half-side mill is least 
efficient. 

An analysis of the equations resulting from the 
use of different cutters when machining cast iron, 
as given at the bottom of Table 8, shows the effect 
of the same tendencies as when milling steel, as 
previously discussed. The horsepower per cubic 
inch per minute is least when using the slotting 
and slabbing cutters and greatest when using the 
face mill. That for the face mill is slightly 
greater than that for the side mill, due again pre- 
sumably to the additional thrust because of the 
great depth of cut, 4 to 8 in. 

From the data shown in Table 8, it is obvious 
that a half-side type of cut does not give values 
midway between that for the slabbing mill and 
the slotting mill, presumably due to the influence 
of friction on the spindle due to end _ thrust. 
This might be true where the half-side cuts are 
made by straddle milling, in which no thrust is 
put on the spindle. 


A MatuematicaLt ANALYSIS OF CUTTING 
FORMULAS 


In concluding this paper, the authors wish to 
present a mathematical analysis of milling-energy 
formulas. These formulas have all been of the 
form 


BE = Cufd 


where, in most cases, the value of the constant C 
was different for up and down milling, and often 
the values of the exponents x and y also were 
different. : 

When d, the depth of cut in inches, equals one- 
half the cutter diameter, the greatest difference 
between up and down cutting is obtained, but as 
it increases beyond one-half of the diameter, the 
two methods of cutting approach each other. 
When d is equal to the cutter diameter, the two 
methods are identical, and it is obvious that, for 
this ease, the energy values # for a specific chip 
size will be the same for up and down milling. 
This condition occurs commonly in face-milling op- 
erations where the width of the cut, corresponding 
to the depth of cut in these investigations, is often 
the full width or diameter of the cutter. 

Let subscript wu denote up milling and subscript 
d denote down milling. Also, let d, the depth of 
cut in inches, equal D, the cutter diameter in 
inches, which is a constant. For this condition, 
then 


Eu = Cuwf*™4D" 


Ea = Cawf*? D¥a 


i 


} 
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TABLE 8 
=oitie (A summary of the results of the Ohio State Experiments, together with the recomputed data based on feed and depth of cut) 
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2 0.010-in. feed, 1.00-in. depth. 
were inconsistent. 4A 1/:-in.-wide slotting cutter also was tested. 


But, H. = Ha. Then, by transposing and eliminating w, the 
equations become 
Cu Di f7u = ftd 
Ca D'a 


For convenience in this analysis, let 
CuD™™ _ 
CaD™4 


Then 
Kfu =f 


By taking logarithms, 


log K + wz log f = wa log f 
or 
log K 
ta— tu = 
log f 


Since f is always less than 1, log f is always negative. 
This becomes a very illuminating equation, showing that the 
_ difference between the feed exponents for up and down milling 
is a function of the log of K. The farther the value of K is from 
1, the greater will be the difference between these exponents. 
If K equals 1, then log K equals zero, and the two exponents must 
be equal. For this case 


CuD™ = Cad" 


If the values of C are not the same, which in general is true, then 
the depth exponents yx and ya cannot be equal. 

Similarly, when K does not equal 1, zu is greater than 2a if 
C.D" is greater than CaD’4. And conversely, ru is less than sa, 
if CuD"* is less than CaD"4. 

The equation also points out that the difference between the 
feed exponents in the up and down milling equations is not con- 
stant, but is a function of the log of the feed. If the difference 
varies, the exponents also must vary and the variable feed lines 
cannot be absolutely straight lines on log-log paper. This effect 
will be very small when K is nearly unity. 

Examination of the experimental data will reveal many cases 
which do not check this theoretical analysis. The reason is 


b’ Two other slotting mills, 1/4 and !/2-in. 


wide, were tested. © A 2-in.-diameter shell-end mill was tested also; the data 


obvious from the foregoing analysis. An equation of the form 
E = Cwf*d", while accurate enough for all practical purposes, 
is not strictly correct. The exponents themselves are a function 
of the variables f and d involved. 


CoNCLUSIONS 


There are numerous final conclusions drawn from the single- 
point cutter data and the Ohio State Experimental data which 
may be summarized briefly as follows: 


Single-Point Cutter (when milling the free-cutting brass): 

1 All exponents of feed and depth and constants in the energy 
equations are lower for land than for groove cutting, due pre- 
sumably to greater friction in groove cutting or because the chip 
is cut at each side, as well as along the periphery when groove 
cutting, as shown in Fig. 2. 

2 The exponents of the feed and depth are found to be the 
same for up and down milling for groove cutting and also different 
but the same for land cutting. 

3 Constants in the energy equation are lower for down milling 
for the same type of cut. 

4 Increasing the rake angle materially decreases the energy 
value H, as shown in Fig. 3. 

5 Increasing the helix angle has no consistent influence on 
the exponents, constants, or energy until high values are obtained 
which produce excessive friction. 


(When milling S.A.E. 1020 steel): 

6 The conclusions given for free-cutting brass hold in general. 

7 Itis found that the exponents of feed and depth are slightly 
different when cutting up than when cutting down, as indicated 
in Fig. 4. 

8 The drop in energy due to higher values of rake angle is 
very appreciable, as indicated in Fig. 5. This falling off of 
energy with increased rake angle appears to become much less 
rapid when the rake angle is 25 deg. The value of H# for the 0-deg 
rake angle is over 100 per cent more than that for the 25-deg rake. 


(When milling S.A.E. 1112 steel): 


9 The results obtained, as shown in Figs. 6 and 7, confirm 
those for the S.A.E. 1020 steel. The percentage drop in energy 
due to rake angle is less pronounced. 
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(When milling S.A.E. 3250 steel): 


10 There appears to be little or no difference in values of ex- 
ponents, constants, or energy values when milling up or down. 
For this steel it appears that the values of the feed and depth 
exponents are somewhat higher for land cutting than for groove 
cutting, as indicated in Fig. 8. 

11 The energy values decrease uniformly with increase in 
rake angles up to 20 deg, but show that the energy for groove 
milling is greater than for land milling shown in Fig. 9. 

(By comparing the results obtained from the three steels discussed) : 

12 It is seen that the S.A.E. 1112 steel gives energy values 
slightly below the average for the three steels, the S.A.E. 1020 
steel gives values about equal to the average of the three, while 
the S.A.E. 3250 gives values slightly above the average steel. 

13 Steels S.A.E. 1020 and S.A.E. 1112 give lower values of 
energy when cutting down than when cutting up, while S.A.E. 
3250 shows very little difference in energy values for these two 
types of cuts. 

14 The constants for cutting down for all steels averaged as 
shown in Fig. 10 are considerably lower than when cutting up in 
all cases except that for the 0-deg rake. The average constant 
for the 25-deg rake angle is about 55 per cent of that for the 0-deg 
rake angle. There is a tendency for the constant curves to be- 
come horizontal for the greater values of rake. 

15 The constants for land cutting are considerably lower than 
the corresponding values for groove cutting. 

16 The constants, when plotted over the side rake or helix 
angles in Fig. 10, are seen to remain practically constant. 

17. The average horsepower per cubic inch per minute values 
for all steels are shown in Fig. 10 to fall off uniformly with an 
increase in rake angle until a 20-deg rake angle is reached, after 
which there is little additional reduction in power values for an 
increase in rake angle. 

18 The power values remain practically constant for various 
values of helix angle when the rake angle is constant. For groove 
cutting, the energy increases perceptibly for helix angles above 
20 deg, due presumably to increased friction. 

19 Energy values for groove cutting are shown to be higher 
than those for land cutting, due presumably to the types of cut. 

20 It is shown in Fig. 11 that the values of the exponents of 
feed and depth remain practically constant for all values of 
rake and helix. Variations are introduced for high values of 
helix angle in groove cutting, however. 


The Ohio State Data: 


21 After reworking all of the Ohio State experimental data 
and plotting energy values on a basis of feed per tooth and depth 
of cut as variables, the conclusion is reached that energy equa- 
tions of the form HE = Cwf*d" hold for all combinations of feed 
and depth, even for values of depth of cut up and equal to the 
diameter of the cutter. 

22 It also is shown that this formula holds alike for plain 
mills, half-side mills, side mills when groove cutting, shell-end 
mills, and face mills. It must be remembered, however, that 
the depth of cut in these cases is measured in the plane of the 
diameter of the cutter, while the width is measured axially, as 
shown in Fig. 12. Half-side cuts, as shown at C, D, and E in 
Fig. 12, do not give equation values midway between slabbing 
cuts as shown at A and groove cutting as shown at B, as might 
be expected from an analysis. This is due, undoubtedly, to the 
unbalanced efiect of a single cutter. This condition would, it 
is believed, be rectified if half-side cuts were taken with two op- 
posed cutters so as to eliminate the end thrust on the spindle. 


General Conclusions: 


23 It has been found from all experiments with the single- 
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point cutter, as well as from the commercial type of cutter of 
various classes, that all milling-energy data can be expressed by 
the equation H = Cuf*d’. 

24 It is shown that the net power values of commercial mill- 
ing, when reduced to energy in foot-pounds per chip as a function 
of feed and depth of cut, agree very closely with corresponding 
values obtained from the single-tooth cutter in the pendulum- 
type machine. It is believed that for research purposes, the 
values obtained with the pendulum-type machine are more 
accurate than those obtained with the commercial machine, 
particularly where net motor horsepower, as measured by a watt- 
meter, is used. 

25 It is shown that the different materials respond differently 
to the same change in front-rake angle of the tool, as far as energy 
is concerned. One metal may be removed much more efficiently 
with a high rake angle than with a low rake angle, while another 
may be removed with only slightly greater efficiency. This also 
has been shown previously in Fig. 26 of a paper, “Research in the 
Elements of Metal Cutting.’’® 

26 Different exponents and constants are obtained in the 
energy equation for the same tool when cutting different ma- 
terials. Each material seems to give rise to its own character- 
istic constants and exponents. Small changes in structure or 
composition of a metal also will produce these changes. 
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Discussion 


Hans Ernst.? The investigation described in this paper is an 
excellent extension of the field covered by “‘Elements of Milling, 
Part 1.” It is gratifying to see that this investigation has 
covered the effect of helix angle on both land and groove cutting; 
also the effect of front rake in both cases. 

Many interesting points are brought out in the tables and 
charts that accompany the paper. Chief among these is the 
very marked decrease in the energy per chip as the rake angle is 
increased. This is particularly true in the case of S.A.E. 1020, 
the large reduction in this case being probably due to the ductile 
nature of this material. 

A peculiar feature of the test on free-cutting brass is the 
considerable increase in energy value per chip between 0- and 10- 
deg helix angle when cutting on a land. It is difficult to account 
for this, as one would normally expect a gradual reduction be- 
tween 0 and 10 deg, just as has been found from 10 to 40 deg. 
The increase in energy with increase in helix angle when milling 
in a groove is of course readily explained by the increased oppo- 
sition to free flow of the chip by interference with the size of the 
groove. 

It is hard to account for the slight rise in the energy value 
per chip which was found in some cases when the rake angle 

¢ Trans. A.S.M.E., vol. 48, 1926, pp. 749-848. 


7 Research Engineer, Cincinnati Milling Co., Cincinnati, Ohio. 
Mem. A.S.M.E. 


(when cutting on a land) was increased from 20 deg to 25 deg. 
In the case of S.A.E. 3250, one might reason that with this tough 
material the vertical component of the chip pressure against 
the nose of the cutting tool was sufficiently great to deflect it 
downward against the work surface, thus possibly causing an 
additional drag thereon, but this argument appears to fall to 
the ground in the case of the free-cutting brass where a similar 
increase in power is noted, yet where the chip pressure must be 
- very much lower. 

The somewhat erratic changes in the values of the feed and 
‘depth exponents (particularly the latter) is likewise difficult 
to explain. It is possible that this may be due to chance differ- 
ences in the smoothness of the lip surface of the cutting teeth, 
when changing from one rake angle to another. In our own 
_work, we have found that the condition of lip surface has a 
tremendous influence on the formation of the built-up edge. 
In fact, I have recently found in the case of a special cemented 
~ carbide that no built-up edge whatever was produced under the 
same conditions that, with other cutting materials, would pro- 
- duce a very substantial built-up edge. Obviously, as the forma- 
_ tion of the built-up edge is usually a function of the instantaneous 
. chip thickness, it would seem that very slight differences in the 
~ character of the lip surface of the tool would have a marked 
effect upon the value of the depth exponent. 

It is interesting, and important, to note the general cor- 
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respondence between the results obtained in the Ohio State 
experiments and those obtained with the single-point tool, 
though here again the perplexing variations in the values of the 
feed and depth exponents show how dependent all the energy 
values are upon the particular mechanism of chip formation 
existing in the case of each test. 

In commenting on the finish produced on up and down milling 
it is mentioned that, in cutting up, ‘the chip has a tendency to 
cling to the cutting edge, and, if left on, would be dragged under 
the cutter on the next cut, marring the surface.” From our 
experience we believe that such a condition depends largely on 
the material, feed per tooth, and cutting fluid used and can 
scarcely be considered as a condition inherent in up cutting. 
In commercial milling, the finish with down cutting is usually 
worse than with up cutting on ductile materials such as the low- 
carbon steels, but may be better in the case of high-carbon steels 
or cast iron. 

In commercial milling we have found that the chips in down 
milling are usually flatter than in up milling, which is contrary 
to the results reported in the paper. Here again, the action 
of the built-up edge on chips produced under commercial condi- 
tions may be responsible for the difference. 

The authors should be commended for their painstaking 
work in the conducting of these tests and their analysis of the 
results obtained. 
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The Study of Calcium-Sulphate Scale Pre- 


vention at Higher Steam Pressures 


By FREDERICK G. STRAUB,? URBANA, ILL. 


The results of previous tests run by the author indicated 
that there was a possibility of using soda ash for treatment 
of boilers operating even as high as at 1000 lb steam pres- 
sure. However, these tests were run in steel bombs 
without the generation of steam and were equilibrium 
tests. In actual operation the results might be different. 
Consequently, a small one-tube boiler was built for test 
purposes. The boiler was constructed so that heat could 
be furnished to the heating tube at a constant rate and as 
high as 100,000 Btu per sq ft per hr. The boiler was 
operated so that the concentration of chemicals in the 
boiler would be independent of the steaming rate. At 
the same time scale could be formed, removed, or pre- 
vented from forming on the heating tube. The thickness 
of the scale formed could be measured and the scale 
analyzed. The temperature increase of the tube wall due 
to the scale could also be measured. This boiler has been 
operated at steam pressures between 160 and 2700 lb. 
The results obtained are given in the paper. 


N 1930, research was started in the Chemical Engineering 

Division of the University of Illinois in cooperation with the 

Utilities Research Commission, Inc., of Chicago, in regard to 
the cause of calcium scale in steam boilers and the methods to be 
used for the prevention of this difficulty. This work was to start 
at 150 lb steam pressure and extend to the critical pressure. Since 
very few data were available in regard to the solubility of calcium 
in the presence of positive and negative ions and since such data 
were deemed essential to the postulation of any fundamental 
theory of scale formation, the preliminary work involved the de- 
termination of the solubility of calcium salts at the desired tem- 
peratures. Part of the data collected has been published.***° 


1 Part of research being conducted in the Chemical Engineering 
Division of the Engineering Experiment Station, University of 
Illinois, and financed by the Utilities Research Commission, Inc., 
of Chicago. Released by permission of Dean M. 8. Ketchum, 
Director of the Engineering Experiment Station. 

2 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the university, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 
mission, Inc., on boiler-feedwater treatment for the last eight and 
one-half years at the University of Illinois. This has included work 
on determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a study of the methods of preventing scale 
in high-pressure boilers. 

3 “Solubility of Calcium Salts in Boiler Water,” Frederick G. 
Straub, Trans. A.S.M.E. vol. 54 (1932), paper FSP-54-17, p. 221. 

4“Solubility Studies of Boiler Water,’ Frederick G. Straub, 
Combustion, April, 1932. 

5 “Solubility 6f Calcium Sulphate and Calcium Carbonate at 
Temperatures Between 182 and 316 Deg C,” Frederick G. Straub, 
Ind. & Eng. Chem., vol. 24, p. 914, August, 1932. 

6 “The Behavior of Calcium Salts at Boiler Temperatures,” Fred- 
erick G. Straub, Ind. & Eng. Chem., October, 1932. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of Tas AMERI- 
cAN Soctrry or MrecHANICAL ENGINEERS. 
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In the paper presented before The American Society of Mechani- 
cal Engineers in December, 1931,? the author called attention to 
the fact that interpretation of boiler-water conditions in terms of 
the solubility data must be done conservatively. These data 
were equilibrium data, and it was possible that such conditions 
were not reached in all parts of the boiler. At the same time, 
it was realized that these tests were run without steam gen- 
eration, and direct comparison with a steaming boiler would 
not be justified. Attention was also called to the possibility of 
the rate of steam generation at the heating surface having more 
influence on the rate of scale formation than the relative solubility 
of the calcium. 

These data already reported indicated the solid and liquid 
phases which would be desirable for high-pressure boiler opera- 
tion. However, they were solubility measurements made under 
conditions approaching equilibrium in the absence of steam genera- 
tion. Consequently, for the reasons already indicated, the direct 
application of these data to boiler operation without correlating 
them with data from a steaming boiler would be likely to give 
undesirable results. In order to obtain this correlation, a small 
one-tube steaming boiler was built. The boiler may be operated 
with a heat transfer up to 100,000 Btu per sq ft per hr through 
the heating tube. The concentration of the boiler water is inde- 
pendent of the rate of steam generation, and tests may be run 
up to the critical temperature. Scale may be formed on the heat- 
ing tube. This scale is analyzed, and the conditions under which 
the scale is formed, removed, or prevented may all be studied. 
Consequently, the boiler has been called a “scaling boiler.” 


DESCRIPTION OF THE SCALING BOILER 


The scaling boiler is a one-tube water-tube boiler (shown in 
Fig. 1). The tube A is heated by means of No. 14 chromel A 
resistance wire wound around the tube, with a layer of alundum 
cement about 1/;5 in. thick separating the wire from the tube. 
Fig. 2 shows the heating tube after the resistance wire is wound 
and before the top layer of cement is applied. The current input 
at the tube is measured by means of a kilowatthour meter, the 
energy input being between 2 and 3.5 kw. The drum is insulated 
with 85 per cent magnesia and heated by means of resistance wire. 
The amount of heat added to the drum is just enough to com- 
pensate for radiation. In this way the heat added at the tube is 
practically all utilized to generate steam. The steam generated 
is taken off from the top of the drum by means of a pipe B, which 
connects to the bottom of the water column. A pipe C surrounds 
the steam pipe, and a small amount of water is introduced into 
this pipe. This acts as a condenser, condensing the steam on the 
inside and boiling the water on the outside which is at atmospheric 
pressure. The steam formed is condensed by means of glass con- 
densers D, and the condensed steam returns to the jacket sur- 
rounding the steam pipe. The amount of steam being condensed 
in the main steam line is adjusted so that it just balances the 
steam being generated in the heating tube. This maintains a 
constant pressure in the boiler. 

By returning the condensed steam to the boiler there is no 

Norse: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not these 
of the Society 
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change in concentration of chemicals in the boiler water, and 
the chemical concentration, in the absence of chemical reaction, 
remains constant and independent of the rate of steam genera- 
tion. 

The water level is observed by means of a gage column H. The 
water is introduced into the boiler by means of a plunger-type 
pump F. The pump has two plungers, and may be so arranged 
that one plunger pumps water into the boiler while the other 
pumps it out. In this manner a constant feed may be maintained 
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without changing the volume in the boiler, and thus hold any de- 
sired concentration of chemicals in the boiler at any desired 
period. 

The heating tube is made of seamless steel tubing with screw 
flange unions on each end, so that the tube may be easily removed. 
An iron-constantan thermocouple is inserted in holes drilled in the 
outer portion of the tube near the center of the heated area. In 
this manner a record of the temperature of the outer area of the 
tube may be obtained. Another thermocouple is inserted in a 
well which gives the temperature of the steam and water as they 
leave the heating tube and enter the drum. A continuous record 
is made of these two temperatures by means of a multiple-point 
recording potentiometer. A second thermocouple introduced in 
the well is connected to a controlling potentiometer which regu- 
lates the heat input at the heating tube and maintains a constant 
temperature in the boiler. 

The temperature of the heating wire is over 2000 F when the 
rate of heat transfer is high. 

The rates of heat transfer through the heating tube may be 
varied between 30,000 and 100,000 Btu per sq ft per hr. The 
heating tube is 15/,, in. inside diameter and 15/i. in. outside 
diameter, and has an effective heating length of 5 in., thus giving 
a heating area of 0.102 sq ft. 

The volume of the boiler to the bottom of the gage glass is 
1.3 gal, and it holds 11 lb of water at room temperature. The 
volume to the top of the gage glass is 2.0 gal. The rate of steam 
generation is about 10 lb pemhr at 150 Ib pressure. 
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OPERATION OF BOILER 


The boiler has been operated under two different conditions: 
First, with continuous feed and blowdown, and second, with inter- 
mittent feed and blowdown. When operated according to the 
first condition, the boiler was cleaned out and the desired solid 
salt was added; a new tube which had been acid-cleaned was put 
in place, and the boiler was filled with distilled water. The cur- 
rent was then turned on, and the boiler was heated to the desired 
temperature. When the boiler was up to temperature, sufficient 
water was put in the condensing unit to hold the temperature 
constant. A continuous record was kept of the water temperature 
and of the temperature of the outside of the heating tube. When 
the boiler had operated for sufficient time to have a record of the 
temperature difference between the temperature of the outside 
of the heating tube 7, and the water temperature on the inside 
T; for distilled water, the feed pump was started. Distilled water 
containing the desired concentration of calcium sulphate was then 
added to the boiler by means of the motor-driven feed pump. 
The stroke of the feed and discharge plungers was so adjusted that 
the water being pumped out of the boiler was equal to that being 
admitted (about 1.5 lb per hr), and in this manner the water level 
in the boiler remained constant. As scale formed in the heating 
tube, the temperature difference (72— 7) became larger. At 
regular intervals samples of the blowdown water were analyzed. 

When the boiler had operated for the desired period of time, the 
current was shut off, the blowdown valve G was opened, and the 
entire contents of the boiler blown out within a few minutes. 
The tube was then removed for examination. By rapid removal 
of the boiler water the solid phase on the tube did not have time 


Fie. 2 Heatine Tusp 


to change its composition. The flange unions were removed and 
the tube split longitudinally into two pieces, thus exposing the 
scale for examination. 

When the feed was intermittent, the desired solid phase, either 
calcium sulphate or carbonate or both, was added to the boiler 
before putting the tube in place. When the tube was assembled, 
distilled water containing the desired liquid phase was introduced, 
and the boiler was heated to the desired temperature. Records 
were kept of 7’. — 7 asin the other tests. Samples of the liquid 
in the boiler were collected in a steel bomb by sampling into the 
sealed bomb from the valve H. When the bomb had cooled, it 
was disconnected, and the contents were removed and analyzed. 

From time to time the blowoff valve was opened, and the level 
of the water dropped to the bottom of the gage glass. The valve 
was closed, the feed pump was started (the discharge plunger was 
disconnected), and sufficient water was added to bring the level 
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to the top of the gage glass. The composition of the water that 
was added varied according to the various tests. At the comple- 
tion of these tests, the boiler was shut down, as in the previously 
reported tests. 

Records were kept in all tests of the heat input into the heating 
or scaling tube in kilowatthours, the rate of heat input in kw per 
hr, the temperature difference 7, — T1, the amounts of water being 
added to and removed from the boiler, the composition of the 
various solutions, the thickness of the scale produced, and its 
chemical composition. 


Merxops oF ANALYSES 


Analyses were made on the various solutions for hydroxide, 
carbonate, sulphate, and chloride. The hydroxide content was 
determined by pipetting 50 cc of the solution into a 200-cc 
Erlenmeyer flask to which 10 cc of a 10 per cent solution of BaCl, 
in CO free water had already been added. The flask was stop- 
pered, let stand 15 min, and then titrated with N/50 HCl solu- 

_ tion to the phenolphthalein end point. 

The carbonate was determined by evolving the carbon dioxide 
from an acidified solution and absorbing it in a standard solution 
of barium hydroxide. About 400 cc of the solution was put in a 
500 cc Erlenmeyer flask previously swept clean with carbon 
dioxide-free air. A stream of carbon dioxide-free air was passed 
through the solution, through a reflux condenser fitted to the 
Erlenmeyer flask, through granulated zine, and finally through a 
Meyers sulphur bulb containing 0.02 N barium hydroxide. The 
solution was then acidified and heated to boiling, and the air was 
bubbled through for 20 min. After sufficient air had been passed 
through, the barium hydroxide was washed into a 200-ce Erlen- 
meyer flask and titrated with 0.02 N HCl to the phenolphthalein 
end-point. The difference between the amount of HCl needed to 
titrate a similar volume of barium-hydroxide solution before ab- 
sorbing the carbon dioxide, and that after absorption, gave a 
measure of the carbon dioxide. The sodium carbonate in the 
solution was calculated from the amount of carbon dioxide 
evolved. 

The sulphate was determined by precipitation as barium sul- 
phate and weighing the filtered and ignited precipitate. 

The chloride was determined by titration with silver nitrate 
and using sodium chromate as an indicator. 


OvTLine oF Tests Run 
Tests have been run to answer the following questions: 


1 What is the relationship between solubility of the calcium 
sulphate and the rate of scale formation? 
2 What factors influence the rate of calcium-sulphate scale 
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that the rate of scale formation was proportional to the slope of 
the solubility curve. He also predicted that the solubility of 
calcium carbonate decreased with increase in temperature. Thus, 
calcium sulphate decreasing in solubility rather rapidly would 
form scale rapidly, while calcium carbonate decreasing in solu- 
bility very slowly would form scale very slowly. 

Figs. 3 and 4 show the solubility of calcium sulphate and cal- 
cium carbonate as determined in the author’s solubility tests. 
Table 1 gives the rate of decrease of solubility of calcium in parts 
per million per deg F, for both calcium sulphate and calcium 
carbonate. 

In order to establish the relationship between solubility and 
rate of scale formation, the boiler was run with a constant rate 
of heat input at the heating tube, and a solution of calcium sul- 
phate was added to the boiler continuously. Table 2 gives the 
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results of tests run under these conditions at 150-, 250-, and 500-lb 
pressure. The tests at 1000-, 1500-, 2000-, and 2700-lb pressure, 
also given in Table 2, were run with a solid phase of calcium 


TABLE 1 RATES OF DECREASE OF SOLUBILITY OF CALCIUM 


formation? IN CaSO. AND CaCO: WITH INCREASE IN TEMPERATURE 
3 What factors influence the prevention of calcium-sulphate Rate of. decrease of solubility of 
calcium in ppm of calcium per deg 
scale? Temperature, Steam pressure, F temperature increase 
deg F lb per sq in. gage CaSO. CaCOz 
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405 5 2 05 
ScaLe FORMATION 470 500 0.07 0.02 
‘ : : 540 1000 0.05 0.01 
Hall,? concluded that calcium sulphate decreasing in solu- 600 1500 0.03 0.005 
bility with increase in temperature became less soluble ¥ 
O RATE OF CALCIUM-SULPHATE SCALE FORMATION 
at the heating surface and formed crystals of scale TABLE 2 Ci oinokcnistiddtity 
on the heating surface. Calcium carbonate did not gets Cains scale BE Bs 
~ = - . oO Tm ion, 
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sepa solyble ss higher ig pi a ha and thus Test ih pecan Btu pl sq heating Thickness per kwhr lb steam water, 
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search at the University of Michigan along lines = Spe — : eh “ = ee a6 
similar to those that Hall had followed and concluded 6 500 76,000 368 0.018 0.49 1.20 9 
“Tia ee ee ee ae a ae 
7 -E.,; ie Institute of Technology, Bulletin 27 1500 ,000 47 ; ; : 
24 ae haere! a 36 2000 83,000 224 0.004 0.178 0.26 3 
: . - 26 2000 83,000 411 0.004 0.10 0.149 3 
8 Partridge, E. P., Department of Engineering Re- 37 2000 ‘000 1416 0.008 0.056 0.082 3 
search, University of Michigan, Bulletin 15 (1930). 34 2700 $3,000 296 0.005 0.17 0.147 2 
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sulphate in the boiler at the start, and the feed of distilled water 
was intermittent. 

The increase in temperature difference (7'.2 — 71) between that 
at the start and after various periods of operation is plotted 
against the total kilowatthour input at the heating tube in Fig. 5 
for 250-, 500-, and 1000-lb pressure. The rate of temperature in- 
crease is proportional to the heat input at the heating tube, and 
almost identical at 250- and 500-lb pressure. The rate of scale 
formation per kilowatthour is also almost identical for 250- and 500- 
lb pressure. These results would indicate that the scale forms at 
the same rate at pressures between 150- and 500-Ib persqin. Itis 
also evident that the rate of scale formation per pound of steam 
generated is almost the same at 150-, 250-, and 500-lb pressure. 
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Thus, in the test run at 150-lb pressure, a feedwater containing 
250 parts per million of calcium sulphate was fed at the rate of 
1.45 lb per hr. The solubility of calcium in the boiler water im- 
mediately drojped to an average of 36 parts per million, which 
agrees with the solubility data obtained from the bomb tests. 
The excess calcium was thrown out of solution in the boiler proper 
as fast as it was being added. The rate of scale formation was 
0.000052 in. per kwhr. At 500 lb pressure a feedwater containing 
200 parts per million of calcium sulphate was added at a rate of 
1.56 lb per hr. The solubility of calcium in the boiler water 
dropped to 9 parts per million, again showing that the excess cal- 
cium was thrown out of solution in the boiler. However, the rate 
of scale formation was almost the same as that obtained at the 
lower temperatures. 

At 1000-Ib pressure the*rate of scale formation is much slower 
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than at 500-lb pressure. The rate of temperature increase is pro- 
portional to the kilowatthour input, thus indicating that scale has 
been forming throughout the test at a fairly constant rate. 

At 2000-lb pressure the rate of scale formation becomes still 
slower. Three tests were run at this pressure, as reported in 
Table 2. In test No. 36, with 224 kwhr used at the heating tube, 
a scale 0.004 in. in thickness formed, while in test No. 26, with 411 
kwhr used at the heating tube, a scale 0.004 in. in thickness was 
also formed. A third test was run in which 1416 kwhr was fur- 
nished to the heating tube, and a scale of 0.008 in. was formed. 
The rate of temperature increase for this test (No. 37) is shown 
in Fig. 6. These results indicate that at this higher pressure a 
thin scale forms at the beginning of the test and that the rate of 
increase in thickness is very slow. Thus, with an input of 224 
kwhr, 0.004 in. of seale was formed, and with 1416 kwhr, only 0.008 
in. The rate of increase in thickness of scale per kwhr, if 
calculated according to the amount of additional scale formed, 
would be only 0.033 X 10~‘in. per kwhr at 2000-lb pressure, which 
is 6.3 per cent of the rate of 150-lb pressure, or 6.7 per cent of the 
rate at 500-Ib pressure. If calculated according to the total scale 
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formed in run No. 37, it would be0.056 < 107‘ in. per kwhr, or 
10.7 per cent of the rate at 150 lb pressure. 


Wuat Factors INFLUENCE THE RATE OF CALCIUM-SULPHATE 
ScaLe FORMATION? 


The data obtained in the tests reported in Table 2 should serve 
to answer this question. As already stated, the scale forms from 
a saturated solution and is independent within reasonable limits 
of the rate at which the excess of calcium sulphate is being added. 
Thus, at 150-lb pressure the calcium sulphate was being added at 
the rate of 0.22 lb per hr in excess of the solubility, while at 500- 
lb pressure it was being added at the rate of 0.34 Ib per hr in 
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excess; at 1000 , 1500-, 2000-, and 2700-lb pressure a large excess 
of solid phase was in the boiler from the start. 

Fig. 7 shows one of the tubes after sectioning, and illustrates 
very clearly the manner in which the scale is laid down. The 
scale is of even thickness for the entire length of the heated area, 
and then it suddenly stops. This shows that the scale forms on 
the surface being heated and but very little forms on the unheated 
surface. This would indicate that the scale is forming from a 
saturated solution, and the rate is apparently dependent upon the 
amount of steam being generated at the heating surface and the 
amount of calcium in solution. 

Examination of the crystal form of the scale formed at 1000 lb 
pressure and lower showed defined crystals at the extreme ends 
of the scaled section where the rate of formation was slowest. 
However, at the center of the tube the crystal growth was so dense 
that the crystals were poorly defined. The definite crystals ob- 
tained indicate that the scale is forming by crystallization from 
a saturated solution and not by precipitation from a supersatu- 
rated solution. 

At pressures above 1000 lb the scale was no longer white and 
crystalline. It became very dense and black and the crystalline 
appearance was not evident. Analyses made on these scales 
(Table 3) showed that up to 1000 lb pressure the scale was practi- 
cally pure calcium sulphate. Above this pressure the sulphate 
content of the scale became lower. This would indicate that the 
stable solid phase at the lower temperature was calcium sulphate 
(CaSO,) without any water of hydration, while at the higher 
temperature it was a complex salt being made up of CaO and 
CaSO, in varying proportions. The solid in the boiler water at 
the higher temperatures was also analyzed. The sludge was 
found to be calcium sulphate. This indicated that the scale 
forming at the heating surface at pressures above 1000 or 1500 Ib 
pressure was changing in composition. At the higher tempera- 
ture the calcium sulphate is likely to be unstable, forming a com- 
plex salt of calcium oxide and calcium sulphate, and the sulphate 
trioxide released undoubtedly reacts with the iron present. If 
this is true, one would not expect the scale to be crystalline in 
form or to deposit at a definite rate. This is apparently what is 
taking place at the higher temperatures. 


PREVENTION OF CaLcIUM-SULPHATE SCALE 


The results obtained in the bomb tests indicated that much 
lower concentrations of sodium carbonate in the liquid phase were 
necessary to prevent calcium-sulphate scale than had been previ- 
ously assumed to be necessary. Thus, a few years ago it was 
assumed that sodium carbonate could not be used above 250-lb 
pressure, since the amounts necessary to prevent sulphate scale 
would give such high alkalinities that the embrittlement ratios 
could not be maintained. However, the results of the solubility 
tests indicated that at 1000-lb pressure a sodium-carbonate con- 
centration of 85 parts per million would prevent sulphate scale 
even with the sodium sulphate above 150 grains per gallon. The 
data were obtained in bombs which were not generating steam; 
consequently the partial pressure of the CO: in the steam space 
was high and the undecomposed sodium carbonate would be high. 
Thus it was realized that tests must be run under actual steaming 
conditions in order to be in position to make this statement with 
any assurance of its being applicable to power-plant operation. 

Tests were run,in the scaling boiler in which a scale of calcium 
sulphate was formed on the tube with an excess of calcium sul- 
phate in the boiler as a solid phase. After sufficient scale had 
formed, a solution of sodium hydroxide, sodium sulphate, and 
sodium carbonate was fed to the boiler. The boiler water was 
analyzed for sodium hydroxide, sodium carbonate, sodium sul- 
phate, and calcium. The results of these tests are given in Tables 
4 and 5. 
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TABLE 3 CHEMICAL ANALYSES OF SCALE FORMED WHEN 
CaSO, WAS PRESENT IN THE BOILER WATER 


Pressure, % FeO 

Test lb per sq an % unac- % 

No. in. gage % Ca % SOs insoluble counted for total 
2 150 29.0 72.3 ere —— Ls 101. 

6 250 29.0 69.0 1.5 0.5 99.5 
7 500 27.0 70.0 2.0 10 99.0 
33 1000 29.8 68.1 3.5 SS LE 101.4 
27 1500 28.4 66.6 3.5 1.5 98.5 
26 2000 29.9 59.5 6.2 4.4 95.6 
34 2700 28.1 41.0 8.6 22.3 Th ee f 
348! 2700 28.0 69.2 3.7 = UE 100.9 


1 Sludge removed from boiler. 


TABLE 4 RUN NO. 12, 500-LB STEAM PRESSURE (470 F) 


(50 grams CaSO. added to boiler at start; filled with distilled water; 
intermittent feed and blowdown) 


Time 
duration 
between 
} feeding 
a sample 
2 and 
& blowdown 
5 sample, —NaOQH, ppm——Na»S0O:, ppm——NazCOs, ppm— Ca, 
D hr Feed Boiler Feed Boiler Feed Boiler ppm 
0.0 180 1550 ciara 100 oe <s 
2 0.25 ee Beis .384 toi 23 13 
3 2.5 arene 44 apie -450 eve 11 iy 
0.0 180 spate 1550 ears 100 Ae 
4 0.5 Bae 100 ae . 830 Fate 20 9 
5 3.5 105 . 830 12 9 
6 15.5 as 105 Sects .810 mae 8 ch 
0.0 180 tae 1550 arent 100 oe 
7 5.0 mS 125 Bae 1080 a 13 8 
8 8.0 Ns } 1040 10 7 
9 23.0 riche 122 Seine 1080 ee 10 6 
0.0 190 ae 1550 Bee 1000 sie SD 
10 2.0 neat 166 sha 1650 one 34 6 
11 6.0 201 XZ 1660 Ly 6 
12 11.0 tare 227 Deane 1680 Bans 25 7 
0.0 190 a: 1550 ot 1000 ors A 
13 12.0 ee 256 bree 2180 aeing 31 6 
14 16.5 oe 275 nu chs 2140 — 28 6 
0.0 190 Sas 1550 aia 1000 reba 
15 3.0 eae 246 nigh 2410 Bas 28 6 
16 19.0 boas 280 See 2370 Bien 26 6 
0.0 190 Pete 1550 Kee 5000 ee 
19 7.0 ere 503 ron 3760 Bebe 238 2 
20 22.5 580 BO 4530 e 45 3 
21 29.5 ee 590 Ee ot 4200 ee 25 2 
0.0 190 Pays 1550 Rae 5000 Ae 
22 20.0 A 850 cies 4520 Ss 644 2 
23 37.0 1040 4130 248 1 
24 49.0 1080 4940 109 1 
TABLE 5 RUN NO. 13, 1000-LB STEAM PRESSURE (540 F) 


(50 grams CaSOs added to boiler at start; filled with distilled water 


intermittent feed and blowdown) 


c Time 
= duration 
2 between 
& feed and 
=| taking —NaOH, ppm——NasSOu, ppm— —Na»CO:, ppm— Ca, 
G& sample, hr Feed Boiler Feed Boiler Feed Boiler ppm 
0.0 0 aoe 0 “ee 0 ae sa 
3 90.0 5h 15 seats 12 afte 3.8 11 
4 112.0 18 14 7.8 11 
5 134.0 Bens 20 Rear 11 eters 5.5 11 
0.0 197 ae 1550 ree 100 iat ore 
a 6.5 oie 160 SAA 270 oe 20.0 3 
8 22.0 ere 240 evarare 238 ee 14.0 2 
0.0 197 ils 1550 wor 100 tela Be 
9 8.0 Bess 254 Sec 483 ster’ 27.0 4 
10 24.0 Ae 8 304 one 583 eae 23.0 2 
0.0 197 eke 1550 ae 100 ma 36 
ul 8.0 308 Meets 845 ae 21.0 3 
0.0 296 1550 eee 1000 : AF 
12 13.0 425 oe on ea 31.0 ie 
0.0 296 Ap 1550 bwin 1000 at Se 
13 Gs) 390 BE 1615 ae 28.0 5 
0.0 296 1550 ae 1000 =i ave 
14 15.0 485 she 1675 Pra 31:0 4 
0.0 425 A 1550 et, 5000 as Ate 
15 6.0 1020 oe 2560 sate 187.0 3 
16 21.0 1200 rots 3140 see 47.0 3 
0.0 42 ate 1550 Fat 5000 Sere ae 
17 24.0 1840 mas 4110 ae 138.0 0 


In run No. 12 at 500 lb pressure (Table 4), the sodium car- 
bonate in the boiler was reduced to as low as 25 parts per million, 
even with a feed containing 1000 parts per million of sodium car- 
bonate, within three hours after the addition of the feed, and at 
the same time the sodium sulphate was 1600 parts per million. 
When a feed of 5000 parts per million of sodium carbonate was 
added, the soda ash did not reduce so fast. However, caleula- 
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tion showed that at this point practically all the calcium sulphate 
had been converted to sodium sulphate and calcium carbonate. 

In run No. 13 at 1000-lb pressure (Table 5) the sodium-car- 
bonate content in the boiler was reduced to practically the same 
figure as at 500 lb pressure. 

These results indicate that it is possible to maintain sufficient 
sodium carbonate at 1000-lb pressure to prevent calcium-sulphate 
scale even when the sodium-sulphate content is over 100 grains 
per gallon. 

At the completion of these runs, the tubes, when examined, 
showed that the scale was on the tube in two distinct layers. The 
top layer was a thin black scale, which could be readily removed 
from the other layer. It was magnetic and appeared to contain 
appreciable quantities of magnetic iron oxide. The lower scale 
next to the tube was a hard white crystalline scale similar to the 
regular calcium-sulphate scale. The scale appeared as though it 
was starting to loosen up and rot off. Analyses of the two distinct 
layers of scale in the two tubes gave the following results: 


RESULTS OF ANALYSES OF BOILER SCALES INZPER CENT 


COMPOSITION 

Scalemocee ences eee nel ikea 12 12 13 13 
WFO CRGLONG si elctsye re atereyotete mere erenleeereeieiate Lower Top Lower Top 
‘i 28.9 27.1 31.0 
16.5 64.4 11.9 
40.5 6.8 47.3 
15.2 1.2 5.1 
0.0 0.5 4.7 


These results show that calcium-sulphate scale was formed first, 
and the sodium carbonate reacted with the top portion of this 
scale to change it to calcium carbonate, which protected the lower 
portion of calcium sulphate from further attack. This would 
indicate that the removal of calcium-sulphate scale by means 
of soda-ash treatment would be rather slow. However, a study of 
the increase of 7’2— 7’; during these two runs showed that as soon 
as the sodium-carbonate content became greater than 25 parts 
per million in both runs, the temperature difference remained 
constant, indicating that calcium-sulphate scale was no longer 
forming. This would indicate that a concentration of 25 parts per 
million (11/2 grains) of sodium carbonate in the boiler even at 
1000-Ilb pressure will prevent calcium-sulphate scale formation 
even when the sodium-sulphate content is greater than 3000 
parts per million (175 grains). 

In order to determine the limiting value of sodium carbonate 
more definitely, a study was made of the reaction starting with 


TABLE6 RUN NO. 16, 1000-LB STEAM PRESSURE (540 F) 
(50 grams CaCOs added to boiler at start; intermittent feed and blowdown) 


Time 
6 duration 
G between 
& feed and F 
a taking 
g sample, —NaOH, ppm—~ —Na2SO4, ppm— -—NazCOs ppm— Ca, 
n hr Feed Boiler Feed Boiler Feed Boiler ppm 
0 180 ers 1550 was ual ae 0 
1 18 ee 330 hoon 1330 on 21 0 
0 180 vans 1550 oe 11 SO 0) 
2 6 ne 288 Sate 1420 aD 27 0 
3 23 eiete 352 1370 18 0 
4 30 Ane 384 aya 1340 be 16 0 
5 47 Rts 427 Bhayeas 1280 ae 17 0 
0 180 ee 3040 Alte 18 we 0 
6 hy Rete 352 sisters 1980 ae 17 0 
Uf 24 ane 380 ae 1980 23 4 
8 47 lene 445 ae 1970 ae 18 4 
0 180 shane 6150 Adio 18 0 
9 24 Fee 400 evens 3680 ig 21 4 
10 48 OC 456 ohete 3750 19 4 
11 72 nae 493 can 3880 ae 26 4 
0 194 sabe 3630 tae 10 0 
12 24 = O0 436 aetole 4000 36 21 4 
13 48 Siete 485 te 4120 ee 13 4 
0 194 Sat 3630 og.bid 10 0 
14 24 mee 420 BiG 4110 ae 26 4 
15 52 Dae 468 ate 4300 ae 26 4 
0 194 2 3630 Bice 10 0 
16 21 vies 410 Ao 4150 40 27 4 
17, 45 one 460... athe 4370 oe 29 4 
0 194 cere 3630 Seo. 10 0 
18 24 Piers 405 aiawis 4340 of 18 4 
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calcium carbonate in the boiler and adding sodium sulphate and 
hydroxide to the boiler water. 

Table 6 gives the results of a test conducted at 540 F (1000-lb 
pressure), in which calcium carbonate was added to the boiler 
and a solution containing sodium hydroxide and sodium sulphate 
was used as feedwater. The sodium-carbonate content of the 
boiler water increased to between 20 and 30 parts per million and 
appeared to stay there. The sodium-hydroxide content remained 
at between 400 and 500 parts per million. The sodium-sulphate 
content was maintained around 4000 parts per million (230 
grains per gallon). The sludge remaining in the boiler at the 
completion of this test had 37.5 per cent carbonate or 62 per cent 
calcium carbonate, thus showing that calcium carbonate as a 
solid phase was stable in the presence of sodium sulphate when 
the sodium sulphate was over 4000 parts per million and the 
sodium carbonate not over 30 parts per million. 

The reactions involved in these studies are as follows: 


(1) CaSO, + Na,CO, < Na.SO. + CaCO: 
(2) NasCO, + H,0  2NaO0H + CO; 


If calcium sulphate is the solid phase at the beginning of the 
tests as in run No. 13 (Table 5) and sodium carbonate is added, 
the sodium carbonate will react to form sodium sulphate and cal- 
cium carbonate. However, the reaction is reversible, and if the 
sodium carbonate becomes less than the amount required to force 
the reaction to the right, the reaction will proceed to the left. 
Thus, if calcium carbonate is used as a solid phase as in run No. 16 
(Table 6) and sodium sulphate is added, sodium carbonate and 
calcium sulphate will be formed. The sodium carbonate will 
tend to react according to reaction (2). 

The results given in Tables 5 and 6 indicate that the amount 
of soda ash required to prevent the formation of calcium sulphate 
is about 25 parts per million, and this amount should be effective 
with the sodium sulphate as high as 3000 parts per million. 

It was desirable to check still further the amount of carbonate 
necessary to prevent calcium-sulphate formation as a stable 
phase in the boiler. The procedure followed was to add calcium 
carbonate and calcium sulphate to the boiler and then fill with a 
solution containing definite amounts of NaOH, NaCl, Na:COs, 
and NaSO,. If the carbonate content was too low, the sulphate 
would precipitate and lower the sulphate content of the solution. 
Thus, if samples removed from the boiler: showed no loss of sul- 
phate, calcium sulphate was not forming and the carbonate con- 
tent present would be sufficient to prevent calcium-sulphate for- 
mation. The chloride present, since it does not enter into any 
reaction, would serve as a measure of concentration if any took 
place. Thus, if the Na:SO./NaCl ratio of the water in the boiler 
was the same as that of the water being added, no calcium sul- 
phate was forming, while if this decreased, calcium sulphate was 
forming. The test was run first with intermittent feed, only 
feeding sufficient water to make up for that removed for the 
analyses, and second, with a continuous feed. The results of the 
test run at 1000- and 2000-lb pressure are given in Tables 7 and 8; 
the results of the 1000-lb test are also shown in Fig. 8. Fig. 8 
shows that at 1000-Ib pressure (540 F), with intermittent feed, 
the sodium-sulphate-sodium-chloride ratio decreased rapidly 
and the Na,CO, content remained about 10 parts per million 
NasCO;3. When the continuous feed was started feeding at the 
rate of 1 lb per hr with a solution having 50 parts per million 
NazCO; present, the Na2SO./NaCl ratio increased to a value equal 
to that of the solution being added. The Na,CO; content in- 
creased to around 25 parts per million. The NazSO,/NaCl ratio 
of the feedwater was then raised, and that in the boiler also 
increased to the same figure, and the Na,CO; content remained 
around 25 parts per million. The sodium-carbonate content of 
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the feedwater was lowered to 25 parts per mil- TABLE 7 TEST RUN AT 1000-LB STEAM PRESSURE (540 F) 
lion, and the Na»SO./NaCl ratio started to de- SER TGR Gi arte Mae a 
crease. The sodium-carbonate content was then titi cosinor on. ot SES Ta ON Ms 
“i: . ’ a —, 
lowered to 15 parts per million, and the Na,CO; in Ho da! - Se e eis A inglia Ratio 
the boiler dropped to around 15 parts per million, heat- = z SNS, QB a 8 pal cake) 
ra 2D 2 R 2 = ng 
and the Na,SO./NaCl ratio of the boiler water con- Feed ie z a meez, eee me &% % Feed Nailer 
tinued to decrease. Intermittent gt es re Bs ig e2 sea 138 11 8.0 3.6 
ee 4 2 S165 et 
These results indicate that the Na,CO; content ss 223 62 495 Bb 2 a 1109 9178, 12 8.0 i" 
3 ; ate 62 495 S2eetye. 100 8.0 : 
necessary to prevent the formation of calcium sul- Continuous AS CHiZOb eNOS) 662). 104 F309 317 38.0 3 
phate as a stable phase in the boiler at 1000-lb i soos be mop ¢ Pees ee ete a 
. . . . 4 
ae is about 25 parts per million and indepen- A ia 550 62 495 9 2 Ye He 75 39 3.0 3:9 
ne cone i 62 495 48 CO 9 Sil ADs ie 
ent of the sulphate content (at least in the range ‘ GEOMECOMEZOB EE OM 15Grm 6301540) aGime74. 8.0 is 
tested). LPR REMMI Be Srl Mh $2 15 
my 4 435 4 
Similar tests were run at 2000-lb pressure. The 5 it 62 990 9 58 y sop 73 22 16.0 113 
: : : 5 fe 99 5 WD) We a TG Tes 
results are given in Table 8. When the intermit- x sso Phosum ooo!) 0 abe nda) SSEBe . 42 2400 16-0 ee 
tent feed was used, the NaSO./NaCl ratio de- “d ae ye a B Be i ays Be Cu ee 
: : ets: 5. 
creased in value very rapidly and the Na,CO; 5 ee 62 990 9 56 pe een 32. 28 18.0 16:6 
3 oe 90 020 67 19 16.0 16. 
content remained about 20 parts per million. When i 1103 62 990 0 25 62 960 67 23 16.0 on 
the continuous feed was used and the sodium car- rs ae cert es ee aangen Cran anna aars 
ae ‘ 64 14 6r ; 
bonate was above 40 parts per million NazCO, in i 1207 62 990 0 15 pa 288 59) «15 16.0 13:8 
: : 99 0 4 1020 69 15 16.0 13.8 
the feedwater, the Na,SO./NaCl ratio remained 1337 62 990 0 15 84 1020 40 14 16.0 12,2 
almost constant and indicated that the calcium 
sulphate was not forming. The Na,CO;in the boiler 
: TABL : 
water increased to about 30 parts per million. When oP ee ee is pacabaek ii erat ee rebameadh das 
the Na,CO; content in the feedwater was raised to Total a 7 a ee ave fe jae ; ao f boil 
“Ws: 6 6 omposition 0: ompos: n 
100 parts per million, the Na:SO,/NaCl ratio in- Fea P= igeAwater, pple sie Ae pee prac 
creased and the Na,CO; content also increased, to 6 og S rs} pS) Be 
: . . . . . . = ry oO U ) e . 
indicating that the CaSO, in the boiler was being co 2 eee 3 = a a Fe ——NaCl— 
converted to CaCO;. This indicated that if the Feed tube 4 Ag NP LM OE Sg ET ta 
Na,CO; content is above 30 parts per million, CaSO, aha eagle eS eS aml aT =e es a 4 
will not form as a stable phase at 2000-lb pressure. ee a eee atts FEY Bers S ietae 
The results of the tests conducted in the scalin Sf 16S AC 2) nom OL 9 th VeGh oO Tag (20, 080s 19,8 
i < i 296 62 158 51 Gh a Gil ids) YS APR Pie 
boiler check very closely the results obtained in the Gontinuous ib) GED) 45) 1062shun940 eB: 423 9 (16,00) 162 
bomb tests. These results obtained in the boiler b 380 igs BB ok onderae Go moog aie po lumttecg maa 
test were secured by running the tests under three a 275 62 pee ‘ ae ae ne af Hs 16.0 16.2 
J pe * “ 01.62 1 i) 16.0 16.0 
different conditions. Thus, by adding CaSO, to “ 344 62 990 0 65 63 #910 43 24 16.0 14.5 
the boiler and then feeding NazCO;, NaOH, and re gee He a : 1 oo i aoe As a3 ae Le 
Na,SO,, it was found that the amount of sodium wt 452 62 990 O 1.00 62 1055 80 37 16.0 17.0 
at 505 62 990 #O 41.00 62 1010 65 40 16.0 16.3 


carbonate necessary to prevent CaSO, formation 

as a stable phase was around 25 parts per mil- 

lion at 1000-lb pressure. When CaCO; was used as a solid and 
the equilibrium approached from the opposite side, it was found 
that about 25 parts per million of NaxCOs was also necessary at 
1000-lb pressure. When CaSO, and CaCO; were both present 
and a continuous feed of Na,CO:, NaOH, NaSO,, and NaCl was 
used, it was found that 25 parts per million of Na,CO; was also 
the critical concentration at 1000-Ib pressure. From these results 
it appears evident that if a concentration of sodium carbonate 
greater than 30 parts per million is maintained in the boiler water 
at all times, calcium-sulphate scale should be prevented even at, 
pressures as high as 2000-lb pressure. 

Since obtaining these data, tests have been started in several 
large power plants to see if these figures will apply to actual 
operation. In three plants the sodium carbonate is being main- 
tained over 50 parts per million as a factor of safety. One plant 
has operated at 450-lb pressure for more than six months with 
scale-free tubes. The boiler concentrations at this plant are as 


follows: 
—Concentration in parts per million— 


Na28Ou........00- ° 1276 1675 1327 
NaOH. 275 377 269 
NazCOz....... 50 65 45 
Total alkalinity 5 565 403 
Ratio: Na2SO./Total alkalinity... 3.08 2.96 3.30 


The sodium-carbonate concentration was obtained by the 
evolution method previously described. It has been noted that 
when the titration figures for carbonate show below 150 parts 


GOO 800 000 
Total kwhr Used at Heating Tube 


Fia. 8 Na:CO; Contant anp NaSO./NaCu Ratio ror 1000-Lz 
Srram PressuRn FOR INTERMITTENT AND Continuous FrEp 


0 £00 


per million for sodium carbonate, the actual sodium carbonate 
is much lower.? Thus, if analyses of boiler waters by the regular 
A.P.H.A. method show the carbonate content below this figure, 
it would be advisable to determine the actual sodium carbonate 
by the more accurate evolution method. 


9 “Determination of Alkalinity in Boiler Waters,” Frederick G. 
Straub, Ind. & Eng. Chem., Analytical Edition, vol. 4, 290 (1932). 
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These results show that it will be possible in many higher pres- 
sure power plants to condition the boiler with soda-ash treatment. 
Thus, an external softener using lime and soda ash should, under 
efficient operating conditions, give an effluent which could 
be used as a feedwater for higher pressure boilers. It should be 
realized that sodium carbonate decomposes in the boiler water 
rather rapidly, !° and the introduction of a small amount of sodium 
carbonate continuously would prevent calcium-sulphate scale, 
whereas the intermittent feeding of larger quantities would not 
be effective. 


CoNCLUSIONS 


(1) The rate of formation of calcium-sulphate scale is almost 
constant at 150-, 250-, and 500-lb pressure. At 1000-Ib pressure 
the scale forms about one-third as fast as it does at 150-lb pres- 
sure (for a constant rate of heat transfer), while at 2000 lb it 
only forms about one-tenth as fast as at 150-lb pressure. 

(2) The rate of formation of calcium-sulphate scale appears 
to be independent of the amount of calcium sulphate entering the 
boiler or the amount of sludge (within reasonable limits) in the 
boiler. 

(3) The presence of more than 30 parts per million (17 
grains per gallon) of sodium carbonate in the boiler water will 
prevent the formation of calcium-sulphate scale at pressures up 
to 2000 lb. 

(4) The carbonate necessary to prevent sulphate scale is 
independent of the sulphate concentration within the limits of 
concentrations carried in the average high-pressure boiler. 


Discussion 


Cyrus Wm. Rice.!! Practise has definitely proved that organic 
matter, silicates, caustics, sulphates, pressures, ratings, and the 
degree of impurity concentrations in feedwater supplies influence 
both the rapidity and the characteristics of scale deposits in 
boilers. & ‘ 

Rarely is it possible in practise to find any two water and 
operating conditions alike. Under the circumstances no constant, 
chart, rule, treatment, or result of any experimental work has 
any definite practical value if cognizance is not taken of these 
facts. 

Again, conclusions drawn from work which fails to include the 
mentioned influences only confuse the rank and file of those 
operators who are responsible for results in the majority of steam- 
boiler plants today. I may be wrong in my conclusions regarding 
this particular study but the brief does not show a complete 
analysis of the water used for the experimental work nor that of 
the boiler concentrates. It is due to the fact that past experi- 
mental work has almost totally failed in this respect that made me 
mention this necessity if the results obtained through any kind 
of study are to find practical value. 

In view of the limited facts given in Professor Straub’s paper, 
I would like to know whether there was no treatment applied 
where the statement is made “that calcium sulphate forms at a 
constant rate at 150-, 250-, and 500-lb pressure, practically inde- 
pendent of the rate at which the calcium sulphate is being added 
to the boiler.” If this is the case, the effect is different under 
actual operating conditions, as SO, scale deposits within the boiler 
in proportion to the SO, content in the feedwater. In other 
words, the amount of SO, in the feedwater has a direct bearing 
on the amount of this which goes on deposit. 


10 “Tecomposition of Dilute Sodium-Carbonate Solutions,”’ Fred- 
erick G. Straub and R. F. Larson, Ind. & Eng. Chem., vol. 24, 1416 
(1932). 

11 President, Cyrus Wm. Rice & Co., Inc., Pittsburgh, Pa. 
A.S.M.E. 


Mem. 
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The direct effect the rate of heat transfer has on scale forma- 
tions, as it is indicated in this study, is well borne out in practise 
by comparing the analyses of samples of scale taken from fire- 
exposed surfaces with those from surfaces away from the fire. 
A typical example of this is as follows: 


Tube Scale, West Virginia Plant 


Top Middle Bottom 
SiliGa ((SiOR Ne v3. ceeteta erste 2.60% 11.19% 7.30% Steam pressure, 
Iron oxide (Fe.O3)........ 1.30% 7.20% 3.20% 350 lb;  indus- 
Calcium sulphate (CaSO.) 0.11% 12.35% 14.20% trial load, 125 


per cent rating; 
high SOs water 
and make-up 
evaporation 
largely in fire- 
exposed tubes 
and first pass 


Tube Scale, Connecticut Plant 


Front First Steam 

Row Upper Drum 
Silioa.. «0 .a516 som ehebeeera later os 13.69 15.09 13.12 Industrial load; 
Tronioxides.s sheers ceitie ce 6.85 9.06 3.55 steam pressure, 
Calcium sulphate......... 5.40 1.29 1.42 115 lb; conden- 


sate return, 65 
%;, per cent 
rating, normal 


Such comparisons furnished early facts for showing whether 
the sulphate scales were evaporated or precipitated products. 

The conclusions reached in the second paragraph of this study 
are interesting, especially in view of the fact that the rate of heat 
transfer at each of the mentioned pressures was the same, and 
I also assume there was no difference in the SO; feed. Under the 
circumstances, if the deposits at 2000-lb pressure are 10 per cent 
of these at 500, and it has been definitely shown in earlier ex- 
periments that the solubility of the sulphates decrease with in- 
creasing pressures, what became of the additional sulphates? 
Were these precipitated under the higher pressure? Did these 
go over with the steam? And was there a chemical balance to 
show just what became of the SO, introduced to the boiler? 

In regard to the third paragraph of the summary, it is interest- 
ing to know that such a small amount (30 ppm) of sodium car- 
bonate was sufficient to prevent SO, deposits. In this connec- 
tion, was the sodium carbonate here calculated or was it de- 
termined by direct analysis? In the practise of treating in the 
field it is not so much the amount of remaining CO; that is to be 
considered in the conditioning as it is the amount of alkalinity 
needed to protect the boilers and equipment receiving steam 
against corrosion. This is the important matter to consider in 
the conditioning of high-pressure boiler operations because of the 
low, almost negligible, amount of solids contained in the feed in 
use for such operations and the tendency these waters have in 
causing corrosion. 

We are directing treatments for some few of the very high- 
pressure plants, and we find it absolutely necessary to maintain 
a pH reading in excess of 10.5. This, because of the exceptional 
feedwater, is the most important consideration in the condition- 
ing of concentrates for high-pressure boilers. 


J. K. Rumme..” It is a real pleasure to have this opportunity 
to compliment Professor Straub on the very interesting work 
he has been doing in connection with the use of sodium carbonate 
for the prevention of calcium-sulphate scale. 

His conclusion, to the effect that the necessary carbonate con- 
centration of the boiler water is considerably less than has been 
shown by the physical-chemical theory agrees substantially with 
our own less exhaustive researches. We differ slightly in the 
quantitative results, but considering the differences in method 
and equipment, this is to be expected. Also, with some few 
exceptions, his general idea has been confirmed by our boiler- 
water and scale analyses. 


12 Babcock & Wilcox Company, Barberton, Ohio. 
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When we come to the practical application of the use of sodium 


- carbonate as the principal treating agent for the prevention of 
| boiler scale or calcium-sulphate scale in particular, there are a 
| number of things which must be considered, and, as has been true 
| in the past, it is advisable to study each case separately. For 


example, in the case of a boiler fed with a high percentage 
make-up, it usually develops that there is sufficient carbonate 
in the feedwater to maintain a suitable carbonate concentration 


: in the boiler water and the prevention of calcium-sulphate scale 
sis not difficult or expensive. In a great many other cases the per- 


centage of make-up is low and the feedwater is nearly all de- 
aerated condensate. With this type of feedwater it may be diffi- 
cult to maintain the desired carbonate concentration without 
exceeding the limits of total boiler-water solids and per cent 


~ blowdown, which for the higher pressure operation are usually 
fixed at some low values. 
. boiler water in an external treating system, but this procedure 
| is likely to be expensive. Therefore, a careful analysis of the con- 
‘ditions at these plants will be especially helpful in choosing the 


One may, of course, recarbonate the 


method of treatment. 

Unfortunately, calcium sulphate is not the only consideration 
in the prevention of troublesome boiler scale. For example, 
silica, the silicates and sometimes calcium carbonate are often 


. more difficult to control than calcium sulphate, and in some sta- 


) tions we are still looking for a practical remedy. It is therefore 


hoped that this good work of Professor Straub will be continued, 
so that we may eventually arrive at the most practical methods 
of dealing with all scale problems and at the same time be able to 
contro! the boiler-water concentrations within limits which will 
inhibit other troubles due to water conditions. It seems ex- 
tremely doubtful if any specifie chemical will be found to cope 
with all boiler-water-treating problems, and in this connection 
any new information dealing with the limitations of the chemicals 
now available should be of considerable interest. 

In conclusion, I wish to say that I have no reason to object 
to the use of sodium carbonate for the prevention of boiler scale, 
and my remarks are offered only with the idea of calling attention 
to some of the difficulties of its application. 


Arraur J. Herscumann.'® The fact that high-pressure boilers 
can be operated without difficulty from scale is proved by the per- 
formance of a number of Loeffler boilers in years of service. We 
remove all dirt which collects in the vaporizer, although it does 
no harm within that drum, which could accumulate much sludge 
without detriment. 

It is conceded that these forced steam circulation boilers are 
free from scale and corrosion of internal surfaces. With the shut- 
down of the boilers for examination and external cleaning, 
specimens of condensate were withdrawn from radiant and con- 
vection superheaters. Tested in the laboratory, these showed 
absolute purity. This will appeal to practical engineers as a 
common-sense substantiation of the statement heretofore re- 
ceived with much surprise that no dirt reaches the tube elements 
of the Loeffler boilers, which stay clean and do not corrode. 


W. C. Scuromprer! anp Evurett P. Parrriver.'t The paper 
presents interesting and valuable data. The author is to be com- 
mended for his ingenuity in experimentation at high pressures and 
for the care exercised in checking by these scaling tests the con- 
clusions previously deduced from solubility studies. 

With regard to the first conclusion stated at the end of the 
paper, the writers feel that some caution should be exercised in 
the interpretation of the apparent rates of scale formation in 


13 Agent, Vitkovice Steel Works, New York, N. Y. Mem. A.S.M.E. 
14 J. S. Bureau of Mines, Nonmetallic Minerals Experiment Sta- 
tion, Rutgers University, New Brunswick, Neds 
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Table 2. In the tests at pressures of 150, 250, and 500 lb per 
sq in. gage where relatively high and nearly identical rates of 
scale formation were measured, the boiler water must always 
have tended toward at least a slight degree of supersaturation as 
a result of the continuous feed of a calcium-sulphate solution 
which, at the moment of its introduction into the boiler, would 
have been approximately 100 per cent supersaturated in test 2 
at 150 lb and approximately 550 per cent supersaturated in test 
6 at 500-lb pressure. 

In these tests where the feed solution continuously introduced 
more calcium sulphate than could remain in solution at the boiler 
temperature, most of this excess probably separated as loose crys- 
tals of calcium sulphate in the body of the boiler water. How- 
ever, there would always be a tendency for this excess dissolved 
calcium sulphate to deposit from solution on any crystals of cal- 
cium sulphate already present in the boiler, whether as loose 
sludge or as scale on the heating tube. The growth of the crys- 
talline scale on the heating tube would then depend to some ex- 
tent on the difference between the amount of calcium sulphate 
in the entering feed, and the amount which could exist in solution 
at the boiler temperature. This difference was much greater in 
the test at 500 lb than in the test at 150 lb, with the test at 250 lb 
presumably intermediate, although the concentration of the cal- 
cium sulphate in the feed for this latter test is not mentioned in 
the paper. It seems possible to the writers that this fact may ac- 
count for the nearly equal rates of scale formation in the tests at 
150, 250, and 500 lb. 

In the tests at the higher pressures the situation was quite dif- 
ferent. Here the supply of dissolved calcium sulphate for the 
formation of scale could come only from solid calcium sulphate 
introduced into the boiler at the start of each test. The deposi- 
tion of solid calcium sulphate as scale on the hot tube necessarily 
depended upon the solution of an equal amount of calcium sul- 
phate from the sludge. Instead of tending toward supersatura- 
tion as in the tests at lower pressures, the boiler waters in the 
higher-pressure tests must actually have tended toward under- 
saturation, since only in this way could calcium sulphate be dis- 
solved from the sludge. 

From the preceding discussion it is evident that the rates of 
scale formation recorded in Table 2 represent not only the effect 
of increasing temperature and pressure in themselves, but also 
the effect of a widely differing potential for the process of scale 
growth. It is scarcely surprising that the rates show no pro- 
portionality to the slope of the equilibrium-solubility curve of 
anhydrite. Such proportionality would be expected only if other 
variables were held constant. 

Although no general relation between boiler temperature and 
rate of scale formation should be drawn from the data of Table 2, 
the individual tests, when considered in the light of the condi- 
tions during each test, are of the greatest value because they ex- 
tend our information concerning scale formation to higher rates 
of heat transfer and higher boiler temperatures and pressures 
than have hitherto been investigated. 

In the treatment of the rate of scale formation in the paper the 
wording allows some confusion as to whether, at a constant rate 
of heat transfer, the rate of scale formation is dependent on the 
solubility of calcium sulphate in the solution, or on the rate of 
change of solubility with temperature, that is, the slope of the 
solubility curve. It is the slope of the solubility curve which has 
been used as a criterion of rate of scale formation. One reason 
for lack of proportionality between solubility slope and rate of 
scale formation in the present tests has already been discussed. 
Other factors, such as the effect of increase in temperature upon 
the density, viscosity, and amount of vaporization at constant 
heat input, with their resultant influence on circulation in the 
scaling boiler and the temperature drop from the hot surface to 
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the solution, would also have to be considered in any rigorous 
test of the effect of solubility slope. 

If the data given in Table 2 for the solubility of calcium as 
calcium sulphate in boiler water are compared with the data pre- 
viously published by Professor Straub for the solubility of calcium 
as calcium sulphate in the studies with the solubility bombs, a 
rather marked difference is apparent. In both cases only cal- 
cium sulphate is supposed to be present in solution. At 360 F 
the data are in exact agreement, but at higher temperatures they 
diverge quite markedly until at 600 F the value in Table 2 is only 
one-third of the value from the solubility tests. It would be very 
interesting to know the reason for this divergence. 

From Tables 4 and 5 the conclusion has been reached that a 
concentration of 25 ppm of sodium carbonate in the boiler at 
1000 lb pressure will prevent calcium-sulphate scale formation 
even when the sodium-sulphate content is greater than 3000 ppm. 
Actually, in these two tables there is only one sample which con- 
tained 25 ppm of sodium carbonate or less and over 2000 ppm of 
sodium sulphate. It is stated, however, that as soon as the so- 
dium-carbonate content became greater than 25 ppm in both 
runs, the temperature difference remained constant, indicating 
that calcium-sulphate scale was no longer forming. A log of the 
values for the temperature differences for these two runs would 
have made an interesting addition to the paper. 

The data given in Table 6 were obtained by charging the boiler 
with calcium carbonate and then pumping in a feed containing 
sodium carbonate, hydroxide, and sulphate. At the end of the 
run the sludge contained 62 per cent calcium carbonate. Pre- 
sumably most of the remaining 38 per cent was calcium sulphate, 
which would indicate that during some part of this run calcium 
sulphate was the stable phase, since it was actually formed from 
the calcium carbonate. In other words, during this run an equi- 
librium existed between calcium carbonate and calcium sulphate, 
the actual position of the equilibrium depending mainly on the 
concentrations of sulphate and carbonate in the boiler water. 
It is certainly impossible to conclude from this run that calcium 
carbonate was the stable phase at all times. If this were true no 
conversion should have occurred to calcium sulphate. 

In the runs considered in Tables 7 and 8, with the exception of 
one sample the sodium carbonate ran from 10 to 40 ppm and the 
sulphate ran to slightly above 1000 ppm. ‘These data are very 
valuable in predicting how much sodium carbonate is necessary 
to prevent calcium-sulphate scale up to this concentration of 
sodium sulphate but they cannot be used to state directly how 
much sodium carbonate will be necessary if the sodium-sulphate 
concentration is increased above this value of 1000 ppm. 

It should be noted especially for runs 12 and 138 in Tables 4 and 
5, which are intended to show the removal of calcium-sulphate 
scale, or at least the stoppage of its formation by the presence of 
certain concentrations of sodium carbonate, that no calcium sul- 
phate was introduced with the feed. At the start, solid calcium 
sulphate was introduced into the bottom of the boiler, a scale was 
formed, and then a feed containing only sodium carbonate, hy- 
droxide, and sulphate was added. As previously noted, this 
would tend toward undersaturation of the boiler water with re- 
spect to calcium sulphate. In actual boiler operation the cal- 
cium sulphate ordinarily comes in with the feed, and often in high 
enough concentration to tend toward supersaturation of the 
boiler water with respect to calcium sulphate at the temperature 
of operation. To make the scaling tests in the experimental 
boiler comparable with operating conditions this same procedure 
should be followed. This would make the process of scale forma- 
tion independent of the rate of solution of calcium sulphate, and 
remove possibilities of undersaturation. 

Professor Straub’s results are significant from a practical view- 
point because they offer the possibility that sodium carbonate 
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may be used as a conditioning chemical at high as well as low 
boiler pressures. ‘Too much emphasis cannot be placed, however, 
on the fact that such operation can be successful only when super- 
vised by a competent chemist with a knowledge of solubility 
equilibria. 


J. D. Yopnr.!® That the chemical reactions at the higher 
boiler pressures of the most common scale-forming substances 
should be so similar to the reactions at the lower pressures as 
established by Professor Straub should be assuring to engineers 
designing high-pressure boiler plants, particularly for industrial 
plants where the make-up water is generally high. When high- 
pressure boilers were first used in central stations they were fed 
with distilled water. There was some uncertainty on the part of 
engineers as to the practicability of the high-pressure boiler, 
where large quantities of make-up were required. The evidence 
submitted indicates that it might be somewhat easier to protect 
boilers at 500- or 2000-Ib pressure from calcium-sulphate scale 
than at lower pressures. 

No reference is made to the greater need of preventing even 
thin coatings of scale because of the higher temperature of the 
water, and therefore greater likelihood of burning tubes. He 
also takes no account of other substances which are scale-forming, 
such as magnesia and silica. By proper treatment with lime and 
soda ash the magnesia offers no trouble from scale. For some 
cause (the explanation of which may never have been given) 
there appears a greater tendency for formation of silicate scales 
at the higher boiler pressures. This tendency is more pro- 
nounced with lower sodium carbonate alkalinities, assuming that 
sodium carbonate alone is depended upon for the prevention of 
scale. In confirmation of Professor Straub’s findings I have not 
observed the tendency for the formation of calcium-sulphate 
scale at the higher pressures, even though the relationship of the 
sodium carbonate to sodium sulphate was not increased beyond 
that required for lower pressures. 

However, I advocate that for the higher boiler pressures the 
lime and soda treatment should be supplemented with phosphate. 
I have had the opportunity to compare the condition of boilers 
at a large number of plants where water has been treated with 
lime and soda ash and supplementary phosphate, with results 
obtained by lime and soda ash alone and I find that where the 
phosphate is properly fed the boilers have a greater freedom from 
scale than where lime and soda ash alone were fed. The scale 
most likely formed in high-pressure boilers in the absence of the 
phosphate treatment is largely a mixture of calcium silicate and 
carbonate. Supplementary phosphate treatment has, within 
my experience, been uniformly successful in preventing this 
calcium-silicate-carbonate scale. 

The feeding of phosphate has the further advantage that scale 
can be prevented with a lower excess of sodium alkalinity. Vari- 
ous illustrations might be given but I have particularly in mind 
one paper mill which has been operating for three years at 600-lb 
pressure with a large percentage of make-up which is treated with 
a hot-process lime and soda softener supplemented with phos- 
phate, directly to the boiler. This plant endeavors to operate 
with approximately 5 grains per gallon trisodium phosphate 
(50 ppm PO,) and an alkalinity of sodium carbonate plus sodium 
hydrate of 5 to 10 grains per gallon. This treatment has given 
the boilers substantially perfect protection from scale. 

The custom at this plant is to open the boiler annually for in- 
spection. After the third annual inspection no scale was found 
in the boiler even though it is not customary to wash out the 
boilers between the annual inspections. During this time no 
tubes have been lost, nor have they shown any indications of 
blisters due to scale. The boiler conditions are better than 

1s Cochrane Corporation, Philadelphia, Pa. 


could have been expected by the feeding of-lime and soda ash 
alone. 

The advantage of holding the excess sodium alkalinity in 
' boiler water as low as possible are well known, both with respect 
_to giving the boilers less tendency to prime and also to provide 
_ greater assurance against embrittlement. In addition to this 
(as the prior work of Straub has shown) the phosphate radical of 
_ itself is of value in preventing embrittlement of boiler plate. 

_ Itis correct, as Professor Straub has pointed out, that the feed- 
ing of phosphate adds to the cost of chemical treatment but the 
greater assurance given to prevent formation of scale and em- 
brittlement as shown by experience, well justifies its cost for the 
higher boiler pressures. For the lower boiler pressures the cost 

of the phosphate treatment does not seem justified. 
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AUTHOR’s CLOSURE 


The various questions which have been raised by those dis- 
cussing this paper show that they are very much interested in the 
subject and have read the paper in detail. 

However, quite a few of their questions were anticipated by the 
author, and additional data have been gathered to answer these 
and other questions. It would take too much space to answer 
them in detail here. Since presenting this paper, a bulletin 
of the Engineering Experiment Station, University of Illinois 
(No. 261) entitled “The Cause and Prevention of Calcium Sul- 
phate Seale in Steam Boilers” has been published, and in it has 
been published the additional data. Consequently, I believe 
that answers to practically all of the questions which have been 
raised may be found in this bulletin. 
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Some Design Aspects of the Rigid Airship 


By DR. KARL ARNSTEIN,! AKRON, OHIO 


This paper reviews earlier airship design and present-day 
trends in the light of modern design practise as exemplified 
in the construction of large size airships such as the 
“Akron” and “Macon.” 

It is pointed out by the author that a saving in specific 
deadweight has always accompanied increases in airship 
size, except in those cases where specifications have been 
markedly altered or where the designer has deliberately 
sacrificed a weight advantage for an expected improvement 
in performance. 

The design of bulkheads and main frames is discussed 
with regard to the restraint of gas cells and the distribution 
of planar loads. The influence of the number of corridors 
in strengthening the main frames against torsion and in 
assisting in the support of the intermediate frames is also 
discussed. 

There have been but few developments in the engine 
field during the past few years but it does appear that in 
the matter of power-plant location the “inboard” in- 
stajlations will have the advantage over “outboard” 
installations for the faster long-range airships now pro- 
jected for commercial service. 

In discussing means of maintaining the ship’s equilib- 
rium under varying conditions the author touches on 
disposal of ballast and aerodynamic lift to compensate for 
localized loss of gas, water recovery from the exhaust 
to replace the weight of the fuel consumed in a ship using 
liquid fuel, some advantages and disadvantages of gaseous 
fuels, and general design problems involved in guarding 
against uncontrolled descent. 


N A PAPER presented to this Society in 1927 and pub- 

lished in the 1928 Transactions,? the possible development of 

large rigid airships was generally discussed, based on an extra- 
polation from the known performance data on the medium- 
size airship Los Angeles. It was suggested in this earlier paper 
that the ideas advanced should be reviewed after the actual 
construction of a large-size airship. In line with this suggestion, 
it is proposed 


os / (1) To revise the data on specific deadweights 

” (2) To offer additional information on the subject of rigid 
mainframes and bulkheads 

(3) To discuss the functions of multiple corridors 

(4) To give a comparison of inside and outside power 
plants, and 


1 Vice-President in charge of engineering, Goodyear-Zeppelin 
Corporation. Mem. A.S.M.E. Dr. Arnstein was born in Prague, 
Czechoslovakia, and received his education at the University of 
Prague, and the Institute of Technology, serving for two years as a 
member of the faculty of the latter. From 1914 to 1924 he was 
with the engineering staff of the Luftschiffbau Zeppelin Co., 
Friedrichshafen, Germany, in which capacity he designed about 70 
military and commercial airships, including the Los Angeles. He 
came to this country in 1924 as technical director of aircraft con- 
struction of the Goodyear Tire and Rubber Company. In 1925 
he assumed his present position. He designed the Akron and the 
Macon and the great airship dock at Akron. 

2 A.S.M.E. Transactions, 1927-1928, paper no. AER-50-4. 

Z Contributed by the Aeronautic Division and presented at the 
_ Annual Meeting, New York, N. Y., December 4 to 8, 1933, of Tux 
AMERICAN Society oF MECHANICAL ENGINEERS. 


(5) To point out the general design problems in connection 
with loss of gas and forced uncontrolled descent. 


Revision oF Data ON Speciric DEADWEIGHTS 


In 1928, when the original paper was presented, the largest 
airship in existence was the Los Angeles. Her volume, at a 
nominal inflation of 95 per cent, was about 2,500,000 cu ft. The 
experience and weight data associated with the design of this 
airship were important factors in the preparation of the curves 
presented in that paper. 

In the intervening five years the world has witnessed the 
construction of five large rigid airships, all of them appreciably 
larger than the Los Angeles, and two of them more than twice 
as large. During this period the viewpoint on some of the basic 
design assumptions has changed appreciably. This appears to 
be an opportune time to review the earlier assumptions and to 
adjust the conclusions to be derived therefrom. 

The earlier paper presented a graph? showing the decrease 
in the unit weight for the entire deadweight of an airship as the 
volume was increased. While the basic trend of this curve is 
still correct, there have been changes in design requirements 
during the intervening years which have rendered the absolute 
values obsolete. As a specific case a designer extrapolating from 
past experience might have concluded that a 5,000,000-cu ft 
airship could be built for from 135,000 to 140,000 lb, and yet 
the construction of the British R-100 and R-101 airships showed 
that even their expected deadweight of 90 tons could not be met. 

The original data should be revised in the light of modern 
experience and the newer design specifications. The nature 
and magnitude of the revisions may be determined from a 
consideration of the assumptions used in formulating the original 
graphs. 

Our original prediction assumed that a light-weight, low-fuel- 
consumption, reversible engine, built along the lines of American 
airplane engines, would become available for airships and that as 
larger airships were built these engines would become available 
in larger power units, thereby decreasing the unit weight per 
horsepower. This prediction has not yet come true. The Graf 
Zeppelin and the Macon are both equipped with Maybach 560-hp 
engines weighing about 4.5 lb per hp. 

Progress is being made in the design of such light-weight 
American engines for airship use, and the engine situation may 
improve in the future. There is, however, considerable pressure 
for the use of the so-called “safe fuels” in airship engines, and it is 
possible that airship Diesel engines may become available before 
suitable safety-fuel engines can be developed. The Diesel 
engines will have a high-unit weight, possibly higher than that 
of the present Maybach gasoline engines, so that it seems ad- 
visable to predict future development on the basis of heavier 
engines. A large portion of the overweight in the British-built 
R-101 can be attributed to the use of Diesel engines weighing 
8 lb per hp. 

For simplicity in the original calculations a common airspeed 
of 70 knots was used for all sizes. In actual practise there has 
been a gradual increase in speed from the Los Angeles to the 
Macon, which, incidentally, is the fastest airship ever built. 
The original predictions, therefore, are subject to correction for 
the increased speeds which have been realized in practise. 


3 See Fig. 13 of original paper. 
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Speed has a double influence upon the weight of the airship. 
In the first place the installed power-plant weight varies with the 
cube of the maximum speed to be obtained. A ship like the 
Macon, designed for a top speed of 72.5 knots, could be expected 
to carry 12 per cent more power-plant weight than a ship of the 
same size designed for only 70 knots. (Actually, with attained 
speeds of 74 to 75 knots, the Macon power plant would have been 
justified in being 20 per cent overweight by the old 70-knot stand- 
ard.) The second influence of speed is noticed in the weights 
of the hull and the empennage. The beam strength of the 
hull, with the exception of the bow section, can generally be 
taken to vary with the square of the maximum speed. The fins 
and rudder structure must also be increased in strength and 
weight in accordance with the increase in the square of the de- 
sign velocity. 

The higher flight speeds also require additional outer cover 
support in the panels and along the fin and control surfaces. 
The accidental ripping of the fin covering on both the Graf 
Zeppelin and the R-101 during squalls encountered on trans- 
atlantic flights has resulted in the use of more rigid outer cover 
supports in ships built since that time. 

The practise of deriving strength calculations for the hull of an 
airship on the assumption of a hypothetical bow force, represent- 
ing the action of a gust on an airship as it was flown at full speed 
into a zone of cross-wind, was not adopted until after the Shenan- 
doah disaster. There had been no incentive for serious con- 
sideration of this case in the design of the Los Angeles and other 
early German airships since much reliance was placed upon the 
experience factor; that is, the knowledge of what strengths had 
proved adequate in the wide range of operation conditions 
actually experienced in the past. C. P. Burgess! subsequently 
analyzed a series of airships in the light of this hypothetical 
gust theory and from his knowledge of the structural strength 
built into the various airships concluded that the maximum 
gusts they could withstand with safety at full speed were 17, 
20.6, and 56 fps for the Shenandoah, Los Angeles, and Akron, re- 
spectively. 

There is a strong possibility that commercial ships of the 
future will be designed to a similar type of bow-force specification. 
In some respects this would correspond to the practise in naval 
architecture where surface vessels are designed to resist the action 
of a hypothetical wave. It appears that a correction for this 
item must be introduced if the original data are to be used for 
predictions of the weights of future commercial airships. 

Our opinion regarding interior arrangements for the crew. has 
changed considerably. The allowances made for the quartering 
of the crew had been admittedly low, being based on the war- 
time practise of letting the crew sleep in hammocks or bunks 
arranged along the gangways with little wall or floor space. 
In both the Los Angeles and the Graf Zeppelin the quarters 
appear meager compared to the light, ventilated staterooms for 
the crew of the Macon. Improved standards of living and the 
maintenance of high crew morale during long flights suggest 
that the crew be given accommodations superior to those of war- 
time ships, but probably not necessarily as ample as those 
carried by the Macon. 

In utilizing these predicted weight curves one must keep in 
mind the fact that they apply only to the basic operating weights. 
Commercial equipment like the staterooms of the Los Angeles 
and the commodious passenger accommodations in the Graf 
Zeppelin roust be charged against the commercial payload. 
In the same manner the weights built into the Akron and Macon 
for military equipment, such as gun emplacements, inside air- 
plane compartments, airplane landing trapezes, etc., all belong 
in the military load and not in the basic deadweight. They 

4 Journal, American Society of Naval Engineers, August, 1931. 
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should not be used in arriving at prediction curves for a range of 
sizes. 

It is evident, therefore, that a fair comparison will involve 
two sets of changes; one adjusting the basic unit-weight curve 
of the original prediction to the present standards of strength, 
comfort, and reliability, and the other a correction of the re- 
ported deadweights by the removal of those portions of the 
reported weight which are attributable to the useful load and 
their reduction to the basic design values. The weight state- 
ments for the last six rigid airships to be built have been analyzed 
and adjusted in conformance with the preceding discussion, the 
final comparative unit weight values being presented in Table 1. 


TABLE 1 COMPARATIVE UNIT WEIGHTS 


(Lb per 1000 cu ft of air volume) 
Actual weights 


Adjusted Reported Basic 

Airship prediction value value 
DLoswAngelesia se a-tuse 0 isles i oa 30.9 32.1 30.9 
Graf Zeppelin........-++ +++ ss seeee 28.6 32.1 30.5 
REtOOss Fee eae ebey others: Atle aes 28.3 38.1 34.7 
RELOL.— See ice ta so os ceed eae’ 28.0 46.9 42.0 
Alcon nek cote treo slerelae s wie trate 27.1 32.8 29.8 
LY tit O Nc Se AE RRe a ng MDT ae 27.1 31.8 28.6 


The adjusted prediction values in the first column have been 
obtained from the original values presented in the 1928 paper by 
the addition of reasonable weight allowances for those items 
which have been discussed as representing new standards or 
specifications in the airship industry. These revised unit weights 
represent the values which are now considered necessary if 
airships are to be built according to modern standards. For this 
reason they may be compared with the corresponding returned 
weights of airship structures and the “theoretical” overweights 
determined. 

The column headed “reported value” has been obtained by 
dividing the reported deadweight of each airship by its estimated 
air volume. The values for the deadweights used here are those 
published by the designers in recognized aeronautical journals 
or released by governmental agencies during the course of in- 
vestigations. The “basic value” figures have been obtained 
by making appropriate allowances for items generally included 
in the reported weight but more properly attributable to the 
useful load. 

The difference between the reported and basic values for the 
Los Angeles and the Graf Zeppelin is due to the removal of 
the weights for passenger accommodations. The correction of the 
data for the British airships has been complicated by the absence 
of published detailed weight statements. The reported dead- 
weight of R-100 has been reduced by 17,700 lb. This is a com- 
bined correction making allowances for her passenger accommo- 
dations and the use of light-weight engines. A total of 26,000 
Ib was subtracted from the deadweight of R-101 to correct for 
passenger accommodations and for excessively heavy engines. 

The Akron and Macon values are entitled to a correction of 
about 22,000 lb of directly removable weight. Something like 
two-thirds of this weight is in water-recovery apparatus (not 
carried by the other ships in the table of comparison), the re- 
mainder being made up of such miscellaneous items as airplane 
compartment, accessibility features, machine-gun stands, the 
elaborate control stand in the lower fin, and an unusual amount 
of handling equipment. 

The first and third columns of Table 1 may be used for com. 
parisons, but there is one other correction which should be 
applied to the Graf Zeppelin, Akron, and Macon weights in order 
to make the comparison fair and complete. This is the allowance 
for deliberate “overweight” built in by the designers with the 
knowledge that it would be more than paid back by the improved. 
performance and the reduction of the fuel load needed to ac- 


AERONAUTICAL ENGINEERING 


complish any given mission. 
The combined weight of the 
lifting-gas cells and fuel-gas 
ballonets in the Graf Zeppelin 
is considerably greater than the 
weight of the lifting-gas and 
liquid-fuel tankage for a con- 
ventional airship of the same 
type. The efficiency of the 
fuel-gas system, however, more 
than offsets the increased dead- 
weight allowance. If the Graf 
Zeppelin were to be converted 
to straight liquid-fuel operation 
the modified unit weight would 
be in excellent agreement with 
the adjusted prediction in 
Table 1. 

The inside power-plant ar- 
rangement of the Akron and 
Macon will be discussed later in 
this paper. From the weight 
standpoint it can be shown that 
an outside power-piant instal- 
lation would require the ex- 
penditure of at least 10,000 Ib 
more fuel to attain the same 
maximum cruising range as the 
Macon. ‘The specification of 
this airship stated that it was 
to be used “primarily for scout- 
ing at sea” where long range is a 
necessity. The comparative or 
basic value for the Macon may, 
therefore, be lowered by about 
1.3 units, thus bringing it into 
agreement with the adjusted prediction. 

In preparing this plot, these three ships have been left in their 
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Fie. 1 Resinrency Devices (Anrout Strut) Mountsp in Airsuip STRUCTURE 


comparative positions in the “basic” table. Actually, in these 
cases, the designers were able to build airships with the unit 
weights in the “predicted” table if they so desired, but they chose 
the alternative of building heavier ships because they expected 
that the improved performance of the heavier designs would 
more than compensate for the apparent waste of weight. 


Riew Main Framers AND BULKHEADS 


The earlier paper described main frames consisting of a series 
of diamond-shaped trusses, the ends of which were connected by a 
system of taut bracing, as typical for “medium-size class’ air- 
ships, and discussed the type of built-up rigid ring frame which 
it was planned to adopt for “large-size class’’ airships. 

The paper also mentioned the possible use of a loose flexible 
network as a bulkhead in connection with these built-up frames, 
leaving the carrying of load entirely to the rigid ring. The rigid 
ring frames of the Akron and Macon were designed to carry the 
specified loads without the assistance of the bulkheads, but the 
original alternative plan of using loose bulkheads between 
adjacent gas cells was abandoned in the early stages of design 
development as soon as it became apparent that it would not 
permit a desirable degree of static stability with the original type 
of construction. In other words, it was feared that the gas 
cells would surge excessively under conditions of pitch unless 
some more rigid method of holding the cell ends in place was 
adopted. 

The expedient of using a netting which was installed under 
sufficient initial tension to give the desired control of the gas- 
surging tendency was to be preferred and, in addition, the netting 
installed in this manner stiffened the main frame in a way similar 


388 


to the wire bracing which had been used in smaller ships like the 
Los Angeles. The new type of initially taut netting was attached 
to the majority of the main frames through the medium of re- 
siliency devices. (See Fig. 1.) These devices could be set so 
that the netting would have an initial tension sufficient to give a 
reasonable control of the surging tendencies during normal 
flight. Under more severe conditions, and particularly with a 
deflated cell, the resiliency devices would elongate, allowing a 
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change in the effective length of the netting and permitting it to 
assume a better shape for the transmission of the bulkhead load 
to the longitudinals. This combination of built-up ring frames, 
netting, and resiliency devices was successfully incorporated for 
the first time in the Akron and Macon class. (See Fig. 2.) 

While the deflated cell condition is perhaps the most severe 
which the design of the frame and wiring must meet, it must 
also be suitable for the transmission of the concentrated loads to 
be experienced particularly in ground handling. In this respect, 
the built-up main frame has the advantage that a locally applied 
load is distributed over a large sector of the frame, and, therefore, 
affects a large portion of the netting. A frame consisting of 
consecutive diamond trusses is not so well adapted for the ready 
distribution of concentrated loads and the brunt of them must 
be borne by the wires connected to the particular joint under 
load. It appears that inherently rigid ring frames offer better 
distribution of concentrated loads. 

The resiliency devices can be readily adjusted with sufficient 
initial tension so that they will not start to elongate under the 
radial component of any external concentrated load which is 
likely to occur. Where the external loads are expected to be 
very high, as is the case with the frames to which the ground- 
handling gear is attached, it may be desirable to eliminate the 
devices entirely. This step has already been made on some of the 
frames in the Akron design and the combination of built-up 
frames and wiring alone has been found to be practicable. 

The resiliency devices are automatic units, the functioning of 
which is particularly important in the case of a deflated cell. 
Since this emergency seldom arises and since the units add to the 
initial cost, maintenange, and deadweight, there is some thought 
that they might be dispensed with altogether or their function 
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discharged by some simpler automatic extension device, or even 
by devices which could be operated by the crew at the time of 
the emergency. 

The load-distributing effect of a bulkhead of the netting type 
can be best demonstrated from wire stress measurement made in 
connection with frame-loading tests. Fig. 3 shows the typical 
participation of a bulkhead of the netting type in the trans- 
mission of planar loads. The dotted inner circle shows the initial 
tension uniformly distributed over the ring. Vertical loads 
increased the tensions in the vertical plane and decreased those 
in the horizontal plane. The amount of load carried by the 
bulkhead can be varied at will by adjustment of the wire lengths. 
It can be reduced by equalizing the tensions, or it can be in- 
creased by shortening the wires in the vertical plane and lengthen- 
ing the wires in the horizontal plane. 

The installation of a radial or cord-type bulkhead in a rigid 
ring frame is also a possibility. Comparative tests with the 
netting and the radial type of wiring are being conducted. 
Both types may have merits. The netting probably will allow 
somewhat better elasticity under side pressure and will dis- 
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tribute loads over a larger area of the frame; the radial type 
because of lesser flexibility, however, may relieve the ring frame 
of a somewhat larger portion of the load in the plane of the frame. 

Another, and older, solution of the problem is the use of an 
axial tension element which is connected to the wiring of each 
bulkhead and thus removes a large share of bulkhead load due 
to difference of pressure in adjacent cells. More recently a cen- 
tral beam has been substituted for this tension element. This 
type of structure complicates the gas-cell installation, but is not 
appreciably heavier since the weight for the axial element may 
be partly compensated for by reduced weight requirements in 
the bulkhead wiring and the main-frame girders. The axial 
element may be designed to offer assistance in the attachment 
and installation of the additional ballonets which are required 
for fuel-gas and hydrogen-ballast airships. 
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MULTIPLE CoRRIDORS 


The earlier paper discussed two main-load-carrying lower 
corridors located 45 deg from the vertical axis, as well as the use 
of a gas-valve inspection corridor on the top of the ship. It is 
evident that the two side corridors apply the loads to the struc- 
ture in a very efficient way, since the weights are brought close 
to the shear-transmitting equatorial part of the structure and there 
is 2 minimum of distortion in the frames. 

The multiple-corridor arrangement permits the whole airship 
structure to be observed, inspected, and repaired in flight in a 
manner heretofore impossible. The two load-carrying corridors 
also provide more space for the installation of fuel and ballast. 

The three-corridor arrangement costs some weight and gas 
space, but it offers the advantage of a structural support to the 
intermediate frames and main frames. The intermediate frame 
must change its contour under the buoyant forces and finds 
support from the three keels, thus also benefiting the longi- 
tudinals indirectly. The main frames have, among other load 
conditions, to take care of a twisting load in case of side pressure 
on a bulkhead. Again, the three corridors relieve the main 
frames of a part of this torsion. 

The displacement of the joints of the intermediate frames in 
their own planes under the influence of the buoyant forces has 
been the subject of very extensive research by actual full-size 
measurement. Ingenious apparatus was devised by which an 


observer stationed on the dock floor could, by looking through a 
powerful telescope, actually read the relative displacements 
of intermediate joints against an optical chord line between main 
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frames. Readings were obtainable to an accuracy of a milli- 
meter, either while the ship was on its assembly towers or while 
it was floating free in the dock. An optical system of scales, 
lenses, and mirrors was so worked out that the accuracy of the 
observations did not depend on the exact location of the tele- 
scopes. This expedient made it practical to follow these mea- 
surements on hundreds of joints for several weeks. Fig. 4 shows 
the character of displacement of the joints of a typical inter- 
mediate frame under the effect of the forces from the buoyant 
gas at 90 per cent inflation. The plot reveals the predominance 
of expansive forces in the upper quadrant and a contractive 
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flattening out of the ares between the lateral gangways and the 
equator. From this actually observed behavior in the presence 
of three gangways, the probable type of distortion that can be 
expected if two additional corridors were installed, has been 
approximated in the same figure by dotted lines. 

In order to study the effect of the side gas pressure trans- 
mitted through a bulkhead adjacent to an empty cell upon the 
twist of the main frame, a series of interesting experiments was 
carried out in cooperation with Professor Plummer of Case 
School of Applied Science, Cleveland, Ohio. Students, there, 
have built a model of a trussed main frame of celluloid tubes as 
girders and brass wires for bracing elements, as shown in Fig. 5. 
This model was designed to obey, as nearly as was possible, 
the laws governing elastic similitude. These laws are that 
homologous forces, applied to the model and to the full-size 
prototype, produce geometrically similar deformations, when all 
model forces are reduced in magnitude according to a definite 
scale. Suitable selection of materials and load conditions 
permits of the study of elastic deformations greatly in excess of 
those occurring in full-size service, and thus renders them 
amenable to much more accurate measurement. This ring 
model was subjected to twisting loads, the twist of all sections 
being measured in several experiments with restraint offered by 
five or three gangways respectively. These investigations are 
being continued and are throwing considerable light on the 
extent to which the multiple corridors stiffen the main frame 
against torsion. 


CoMPARISON OF INSIDE AND OUTSIDE PowrR PLANTS 


The merits of inboard and outboard power plants can be 
impartially compared only when the same required design speed 
is taken into consideration. The attainment of a specified air 
speed with outboard plants requires the expenditure of more 
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power than would be necessary with an inboard installation for 
ships of the same size and other similar characteristics. 

It is interesting to compare the merits of the outboard in- 
stallations of some previous ships with the inboard installation 
of the Macon (see Fig. 6), using the propulsive coefficient K as a 
measure of merit. The propulsive coefficient K can be expressed 
as being in direct proportion with the third power of the speed 
and the two-thirds power of the volume, and in inverse propor- 
tion with the required horsepower: 


pv? X vol’/s 


K = 
550 hp 


K can also be defined’ as twice the propulsive efficiency di- 
vided by the ship’s drag coefficient. It is a measure of the 
efficiency of the drive and the aerodynamic qualities of the ship, 
combined. Table 2 shows the improvement of the propulsive 
coefficient of the Macon over that of previous ships: 


TABLE 2 


Shenandoah L-49 Los Angeles Macon 
Air volume, cuft........-. 2,300,000 2,062,000 2,800,000 7,401,000 
Speed, knots........++++++ 53 52 63.5 72.5 


Horsepower...-----es eee 1500 1200 2000 4480 
Power-plant weight, lb..... 14,849 12,000 20,800 50,412 
Unit weight lb per hp....... 9. 10 10.4 11.3 
Rls 55 hava scletoterome oieyene toler 36.14 39.52 53.00 66.38 


It is interesting to consider hypothetical versions of these 
earlier ships having the nominal volume of the Macon (6,500,000 
cu ft) and her guaranteed top speed of 72.5 knots. The power 
required for the propulsion of such ships may be roughly esti- 
mated from a consideration of the ratio of the cubes of the actual 
and hypothetical air speeds and the ratio of the increase in volume 
to the two-thirds power. Values of these ratios, or “power 
multipliers,” are given in Table 3. 

It should be remembered, however, that the propulsive co- 
efficients will not remain constant over this range between the 
actual and the hypothetical ships, but will improve slightly with 
increasing size and speed. This “scale effect” influence is also 
listed in Table 3. The probable horsepower needed to attain 
the desired performance in these hypothetical ships has been 
computed with the help of these “power multipliers’ and the 
“scale effect’”’ adjustment. 


TABLE 3 
Shenandoah L-49 Los Angeles Macon 
Ratio of cubes of speeds......... 2.560 2.710 1.488 1.000 
Ratio of two-thirds powers of 
VOLUTIOS seein ctvis ousieiets eheelers 2.150 2.314 1.886 1.000 
Allowance for scale effect, per 
COU clea eliei wis femoroteinisie wes Glens 13.5 15 i) ideas 
Original horsepower (as built)... 1500 1200 2000 4480 
Hypothetical horsepower.....-- 7274 6543 5102 4480 
Hypothetical power-plant 
SOLE Ht AD ste cise sierekereial= = inks wie 72,013 65,430 53,061 50,412 


The figures of Table 3 assume that ships of the size and speed 
of the Macon were built under the status of the art existing at the 
time of construction of the original ships. The contention may 
be made that the art of outboard-power-plant design has im- 
proved in the intervening years, and this is undoubtedly true, 
but one must remember that the Macon inboard power plant 
has by no means exhausted the design potentialities of this type 
and much further improvement is still possible. In any event 
the figures of Table 3 strongly indicate that the inside arrange- 
ment may possess advantages for high-speed airships. 

As previously stated, more power is required to attain a given 
air speed with outboard than with inboard plants, but the unit 
weight (pounds per horsepower) for an outboard plant is generally 
less than that for an inboard installation. The total power re- 
quired depends not only’on the drag of the ship but also on that 
of the power plant itself, so that the importance of the drag 
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varies with the speed to be attained. The greater the speed 
required, the more important the drag due to power plant be- 
comes. In other words, the greater the relative drag area con- 
tributed by any power-plant arrangement, the sooner the weight 
increase necessary for a further increase in speed assumes im- 
pedimental proportions. Under certain circumstances there is a 
speed at which the weights of the two competitive arrangements 
would be the same. At higher speeds the weight advantage would 
pass from the one to the other. The speed for which the total 
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weights would be alike can be calculated if the drag area of the 
power plant can be expressed in terms of horsepower accommo- 
dated. Assuming, for instance, direct proportionality between 
the two, the “equivalent weight” speed may be expressed as 


eee 
_ 2/00 xem =) 
F< CR aie dacist ens op ona eee (2] 


where 


the propulsive efficiency (assumed the same in both 
cases) 

wo = specific weight, lb per hp, for outboard plants 

w; = specific weight for inboard power plants 

dy = specific drag area, sq ft per hp, for outboard power plants 
d; = specific drag area for inboard plants 


3 
ll 


If wo were equal to wi, the inboard power plant with its smaller 
drag area would have the advantage at all speeds. Since, how- 
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ever, outboard power plants are lighter than inboard, they have 
the deadweight advantage for low speed. As they have more 
drag area per horsepower, however, they lose out on the higher 
speeds where more horsepower is required. 

Assuming practical numerical values for wo equal to 0.7, 0.8, 
and 0.9 times the value of w; : do, as two, three, and four times 
as great as di (ratios which are not out of order), and taking a 
reasonable value for 7, then the “equivalent weight’’ speeds 
will be those shown in Fig. 7 where the shaded area represents 
_ the range of contemporary projects. A clue as to the relative 
drag areas of inboard and outboard power plants is given in 
Fig. 8, which presents the results of tests’ made on models of 
outriggers similar to those employed on the Macon and power 
cars like those of the Los Angeles and Graf Zeppelin. 

The center region of the shaded field (see Fig. 8) indicates that 
with a design speed of about 100 mph, the net weights of the 
power plants, inboard and outboard, are on a par. Of course, 
other things being equal, the low-drag ship having the engines 


> within the hull will always hold an advantage in the way of fuel 


consumption, over the other, regardless of the length of the flight. 

The fuel consumption at cruising speeds is an even more 
important criterion. In fact, an actual advantage may be gained 
from the inboard plants on an airship of present or contemplated 
sizes at speeds considerably below 100 mph. For any given 
speed, the hourly fuel consumption is proportional to the drag at 
that speed. Therefore, even if the higher drag airship has less 
initial deadweight it will eventually have consumed enough 
fuel to outweigh the difference in power-plant weights. If the 
time required for this to happen is well within the flight duration 
scheduled for the service for which the airship is intended, there 
remains no question as to the advantage of the inside power plant 
from the weight standpoint; even though it may be heavier, 
it may start its flight with a much lower fuel load, offsetting the 
deadweight penalty. 

Under the same assumptions as introduced before, the number 
of hours which the airship with inboard power plants must fly 
to overcome its handicap of deadweight can be expressed ap- 
proximately by 


where w; and w, represent the total weights of the power plants 
of the ships with inside and outside plants, respectively, and 
F; and F) their respective hourly fuel consumptions at the same 
speed. Since the total weights are functions of the power and 
unit weights and the hourly fuel consumption are functions of 
' power and unit drags, it is possible to arrive at the following 
expression for the ‘equalizing time:” 


Dae aU DA Girails 
ij 1 in 1 
Ze — do Ze— di 


where 


f = specific fuel consumption, lb per hp-hr 


1100 
he = ae 
pm? 
Um = top speed 
1100 
Z. = 
pve® 
ve = the cruising speed 


5 Made at Daniel Guggenheim Aeronautical Laboratory, California 
Institute of Technology, Pasadena, Calif., under the supervision of 
Dr. Th. von Kérm4n and Dr. C. B. Millikan. 
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The other symbols are the same as those used in Equation [2]. 
Fig. 9 has been prepared from Equation [4] by substituting a set 
of reasonable values as before and assuming top speeds of 80, 
90, and 100 mph and cruising speeds of nine-tenths of the top 
speeds (73 per cent power). Again narrowing the field to the 
more definite limits of contemporary projects, it is seen that a 
weight advantage is realized after flying for 30 to 35 hr with a 
ship having a top speed of about 90 mph. It is evident that on 
commercial airships of the future the inside arrangement will 
either be worth its weight from the start or will pay for itself 
on flights of less than 50 hr. Transatlantic flight schedules will 
probably average more than 50 hr so that in such a service the 
inside arrangement would be justified. 

In this discussion, the greatest emphasis has been placed on 
weight, since that is a primary consideration. Next in importance 
is the possibility of exerting a vertical force, positive or negative 
lift, with propellers in tilted position. In this respect the inboard 
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drive has a positive advantage. Another important considera- 
tion is propeller efficiency and gear losses. For the individual 
power-plant arrangement equipped with reversing and swiveling 
gear, there is probably no decided difference in efficiency between 
outside and inside power plants. In the case of the multiple 
in-line arrangement, similar to the one used on the Macon, some 
efficiency has admittedly been sacrificed for the benefit of a very 
practical installation. Among the other points for discussion 
may be mentioned the comfort of the mechanics, ease of in- 
spection and repair, fireproofness, etc., but most of these items 
either have a relatively small effect or offset each other in these 
two types. In the final analysis, the criterion must be com- 
bined weight of the power plant and fuel load for the accomplish- 
ment of the given service. 

The discussion of this controversial subject has been confined 
to the accepted types of airship power-plant installations as they 
are now being built. In the future, we may see airships driven 
by power eggs suspended outside the hull and perhaps utilizing 
air-cooled engines. At the present time there is considerable 
reluctance on the part of airship operators to accept any proposal 
of remote control for airship engines. It may be that this is an 
old prejudice which could be modified in the light of existing 
reliability records. Consideration of such units merely involves 
the use of the appropriate unit weight, drag, and fuel consump- 
tion figures in the comparative formulas. 
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Desien PrRospLEMS IN ConnEcTION WiTH Loss oF Gas AND 
Forcep UNCONTROLLABLE DESCENT 


In his paper,® delivered at the A.S.M.E. Annual Meeting in 
December, 1933, Commander Garland Fulton has pointed out 
the importance of maintaining equilibrium during flight while 
fuel is being consumed. His discussion covers the three possi- 
bilities, (a) of valving gas (hydrogen), (b) regaining ballast 
either by recovery from exhaust gases or by picking it up from 
the sea or taking it out of the air, and (c) by burning gaseous fuel 
of about the density of air. 

The method selected for maintaining equilibrium during flight 
has also a bearing on the general design arrangement with regard 
to the ability of the ship to maintain its equilibrium after loss of 
buoyant gas. 

A reasonable solution of the problem is to so dimension the 
largest gas cell that the loss of its lift may be offset by disposal of 
the available ballast or may be carried by the aerodynamic 


lift of the ship. The combination of these two means of main- | 


taining altitude is naturally permissible although the designer 
must keep in mind the fact that as the ship approaches its 
landing, the air speed, and hence the aerodynamic lift, may 
frequently become very small and for this reason the ship must 
be reasonably close to buoyancy equilibrium at this time. 

The choice of the proper amount of trim ballast is intimately 
connected with the question of what quantity of disposable 
load is always available. The answer may depend largely upon 
the type of airship and the service in which it is to be used. 
A helium inflated, gasoline-engined ship, like the Macon, when 
on a long-range scouting expedition, would carry liquid loads of 
more than 100,000 Ib. As the fuel is burned, the exhaust gases 
are cooled in the water-recovery equipment and an equivalent 
weight of water is recovered. The airship remains in weight 
equilibrium since the sum of the fuel and water is always equal 
to the total liquid load, the liquid load being mostly fuel at the 
start of the flight and mostly water at the end of the flight. 
It is evident that in airships of this type the captain has an 
abundance of liquid ballast at his disposal and that fairly large 
gas cells are permissible. 

Another type of airship is the fuel-gas ship, exemplified by the 
Graf Zeppelin. This airship operates on a gaseous fuel having a 
density very near that of air so that the consumption of the fuel 
does not seriously interfere with the equilibrium of the airship 
and no water-recovery equipment is required. On the other hand, 
the lack of effective weight in the fuel renders it practically use- 
less as ballast in the emergency of a deflated gas cell. Ballast 
must be provided for this contingency and some of it is usually 
carried in the form of liquid fuel which may be burned in the 
ship’s engines as a reserve fuel, the gaseous fuel being used for all 
normal operations. It is naturally desirable to keep this liquid 
ballast (in the form of a fuel reserve) as small as possible since 
it cannot be fully counted upon as useful load. The smaller 
quantity of ballast available has necessitated greater subdivision 
of buoyancy in this design. 

The two most recent airship disasters may be analyzed as due 
to unchecked descent, the descent being perhaps due in one case 
to a loss of gas and in the other to vertical currents associated 
with storm conditions. Means of checking such descents are at 
the captain’s command in the form of disposable ballast and 


6 A.S.M.E. Transactions, May, 1934, paper no. AER-56-8. 
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powerful aerodynamic control. These two remedies have always 
been available in the past and to a larger degree than before 
in recent American designs, but it may be expedient to supply 
them in even greater quantity or power on future airships. 

But there is something just as fundamental as the availability 
of the remedies: It is the necessity that each remedy be applied 
at the proper time and in the proper degree to assure recovery 
and prevent serious consequences. There must be reliable 
methods of informing the captain of the exact position, motion, 
and condition of his craft in space. He must be enabled to know 
why the ship is in downward motion the instant such a motion 
starts, in order that he may take the proper corrective steps in 
time. 

For this purpose concentration of efforts toward perfection of 
flight instruments is recommended. The most important of 
these instruments are an absolute altimeter (reading height 
above the ground), a dynamic-lift indicator, a gust indicator, 
and an angle-of-attack indicator. While instruments can never 
replace human judgment, they can and will present the exact 
facts of the crisis to the captain in such a manner that he can 
make a clear-cut decision. Improvement upon the existing 
instruments of this group and the introduction of new instru- 
ments of this type will go a long way toward making airship 
operations under a conservative operating policy a safe and 
reliable service. 


Discussion 


G. V. Wurrrir.? Some of the broader aspects of the design 
of rigid airships are excellently presented by Dr. Arnstein. It 
is an illuminating and worth-while procedure to pause occasionally 
and compare progress already made with that previously antici- 
pated as has been done in this paper. The statistical comparisons 
given clearly illustrate the great progress in design and the sub- 
stantial improvement in performance of airships which have 
been realized in the past decade. There appears to be ample 
justification for the expectation that the advance in the art of 
designing, building, and operating airships will be as great in 
the next decade as it was in the last. 

Airship progress has been greatly hampered by non-avail- 
ability of suitable airship engines. It seems that five or six 
reliable engine units are a sufficient number for a rigid airship 
and the present outlook favors units having a power rating of at 
least 1000 hp. The performance of an airship such as the Macon 
would be greatly improved if this airship were equipped with six 
engines having a total power rating equal to the eight engines 
with which it is now equipped. The weight to be gained by the 
elimination of two engine rooms and the improvement possible 
in specific engine weight with a modern engine are only part 
of the gain, as the reduction in crew with attendant savings 
in facilities and consumables for the crew would also contribute 
an appreciable share. The drag of the airship and hence the fuel 
consumption would also be reduced by the elimination of the 
two power units. It is hoped that sufficient encouragement 
will be forthcoming to foster development in this country of 
suitable high-powered engines for airship use so that this laggard 
in the path of airship progress may catch up with the procession. 


7 Lieutenant-Commander (Construction Corps), U. S. Navy. 
Inspector of Naval Aircraft, Goodyear-Zeppelin Corp., Akron, Ohio. 
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Some Observations on Spins 


By J. M. GWINN, JR.,1 BUFFALO, N. Y. 


Spins may be divided into two classes, controlled and un- 
controlled. In the controlled spin there is immediate 
response to control, while in the uncontrolled spin the 
response occurs some time later or even not at all after the 
» controls have been moved. The problem is to avoid the ac- 
cidental controlled or uncontrolled spins and to make the 
uncontrolled spin controllable. The author has made 
many observations of uncontrolled spins. The flights 
were carried on over a period of three years and show toa 
limited extent the independent effect of wing loading, 
center-of-gravity position, tail-surface plan form, tail- 
surface airfoil section, control-surface throw, and wing 
airfoil. The author indicates a number of conclusions 
from these observations, the first one of which is that wing 
loading is one of the major factors in uncontrolled spins. 


two kinds of spin, controlled and uncontrolled. The 

difference is that in the controlled spin there is immediate 
response to control, whereas in the uncontrolled spin the response 
occurs some time later or even not at all after the controls have 
been moved. By definition, a controlled spin is not dangerous, 
aside from the loss of altitude if near the ground. Few modern 
airplanes spin accidentally from the normal maneuvers which are 
permissible close to the ground. In consequence the controlled 
spin is no longer as dangerous as it used tobe. The problem is, 
however, still twofold: (1) to avoid the accidental controlled or 
uncontrolled spin and (2) to make the uncontrolled spin con- 
trollable. 

The following discussion is mainly concerned with uncontrolled 
spins. The observations have all been on the one type of air- 
plane shown in Fig. 1, most of them with the same engine, but 
all with air-cooled engines of similar external physical dimensions. 
The flights in which these observations were made were carried 
on over a period of three years and show to a certain limited ex- 
tent the independent effect of wing loading, center-of-gravity 
position, tail-surface plan form, tail-surface airfoil section, con- 
trol-surface throw, and wing airfoil. 


[: IS now more or less generally recognized that there are 


Errect oF Wine LoaDING AND BALANCE 


Table 1 gives some of the results in terms of the number of 
turns required for recovery with full opposite rudder for the vari- 
ous combinations of wing loading and balance tested. We 
were fortunate in being able to vary these items more or less 
independently. Conditions ‘‘A” to “E,” inclusive, were obtained 
in one airplane with the same engine. Condition “F’’ was ob- 
tained in the same airplane with a heavier engine and the wings 


1 Project Engineer, Consolidated Aircraft Corporation. Mr. 
Gwinn was graduated from Tulane University in 1917 with the de- 
gree of B-E. During the World War he served as pursuit pilot 
with the 27th Aero Squadron, and has at present a private pilot’s 
license. From 1920 to 1923 he was connected with the Gallaudet 
Aircraft Corporation in metal-airplane construction. Since 1923 
Mr. Gwinn has been associated with the Consolidated Aircraft Cor- 
poration. He also holds the position of chief engineer with Fleet 
Aircraft, Inc., and Fleet Aircraft of Canada. 

Contributed by the Aeronautic Division and presented at the 
Sixth National Aeronautic Meeting, Buffalo, N. Y., June 6 to 8, 1932, 
of THe AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


moved forward to produce about the same balance as in the origi- 
nal airplane. Conditions “G’” and ‘“H’’ were tested in the same 
airplane with a heavier engine but with the wings in the 
original position. Inasmuch as all of these airplanes had identical 
wing cellules, tail surfaces, and fuselages, and the noses in all 
cases had quite similar air-cooled engines, it is felt that the dif- 
ferences observed are due entirely to the differences in weight 
and balance and not to fuselage nose. Elevator position at be- 
ginning of recovery made little difference, recovery being slightly 
faster with up-elevator. All spins excepting “A” were of the 
uncontrolled type. 


TABLE 1 
Number 
; Ca: of 
; Wing position turns 
Air- load- on for 
plane Test ing M.A.C. recovery Remarks 
1 A 7.0 0.250 i, Rear cockpit empty 
1 B 7.0 0.333 1 Front cockpit empty 
1 Cc 8.5 0.328 13/4 Two men 
1 D 9.4 0.315 21/4 Extra gas on c.g. and baggage 
slightly forward of c.g. 
1 E 9.4 0.370 3 Extra gas on c.g. and baggage 
aft of rear cockpit 
2 F 10.3 0.340 6 Extra gas on c.g., two men 
3 G 8.6 0.228 1 Front cockpit empty 
3 H 10.2 0.249 3 Extra gas on c.g., two men 


These results are plotted in Fig. 2, and two curves for center- 
of-gravity positions of 25 and 33 per cent have been drawn on the 
plot. Apparently the position of the center of gravity has a 
more or less constant effect, while increasing wing loading has a 
greatly increasing effect, on recovery. As shown later, the varia-~ 
tion in distribution in the tests was negligible. 


Errect or VARYING Fin AREA 


A great many tests were run to show the effect of changes in 
fin area, the aspect ratio of the fin, rudder area and throw, and 
fin airfoil (see Fig. 1). The first change made was the complete 
removal of the cover from the original small fin. This hastened 
entry into a spin and greatly hastened recovery. This did not 
seem reasonable, it being thought at that time that an increase 
of fin area should check spinning. ‘The increase in fin area was 
assumed to provide additional damping which, in turn, would 
slow down the spin. Larger fins were therefore tried and the 
larger the fin the harder it was to produce a spin and the longer 
it took to recover once a spin was produced. This was quite 
discouraging. In varying aspect ratio of the fin it was 
found that a low-aspect-ratio fin produced more directional 
stability at high angles of yaw than a high-aspect-ratio fin of the 
same area, but no appreciable difference was noticed in a spin. 
Restricting the rudder throw made a spin more difficult to achieve 
and recovery more difficult. The effect of reducing the rudder 
throw was identical with the effect of increasing fin area. Due 
to poor rigging in one test, the rudder throw was greater in one 
direction than in the other. This made it easy to spin in the di- 
rection of the greater throw but difficult to come out, and vice 
versa. It being assumed that the fin was completely stalled in a 
spin and that delaying the stalling point of the fin would aid in 
recovery, a very thick fin was built but the results were negative. 
This was due probably to the fact that when completely stalled 
the camber has very little effect on Cn. This checks with the 
negative results obtained with changed aspect ratio. It is con- 
ceivable, however, that delaying the stalling of the fin might 
prevent some airplanes from spinning. 
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We finally arrived at an explanation for the fact that after 
a spin was accomplished the larger fin did not seem to provide 
damping. In contemplating the probable effect of a fin 20 feet 
square, one immediately saw that the airplane would rotate 
around the fin.2 This led to the idea that increasing fin area 
moves the point of rotation of the spin aft. Since the effective- 
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tation was further aft. When the rudder was reversed, the fin 
area was increased by a lesser amount, due to the reduced throw, 
and the increase was of little benefit on account of the greatly 
reduced lever arm. It is conceivable that, if the rudder were 
reversed slowly, the center of rotation could be moved slowly 
aft and that the airplane would not recover at all. In other 

words, recovery should be exe- 
yep cuted with as sudden an ap- 
plication of opposite rudder 
as possible so that the increase 
of fin area can dampen out the 
spin before the center of rota- 
tion has moved aft. 

Nearly all airplanes are 
known to spin differently to 
the right and left and this 
difference usually has been 
ascribed to gyroscopic forces 
from the propeller or to lack of 
symmetry in rigging of the wing 
cellule. The fin is usually off- 
set to line up with the race 
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rotation of the propeller at 
cruising speed. The fin will 
therefore stall sooner in spin- 
ning in one direction than in 
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Fig. 1 Frueet Mopet 1 ArrPLANE USED IN Spin Tusts 
(Engines used in tests—Warner Scarab, Kinner K5 and B5, Challenger, wings 5 in. forward, Continental.) 


ness of the fin in damping is proportional to the fin area and the 
cube of its distance from the center of rotation, any increase in 
the fin area,? accompanied by moving the point of rotation aft, 
is likely to be of negative benefit. Prior to the occurrence of this 
idea it had been noted on one occasion that the center of rotation 
with a large fin seemed to be further aft, but it had been passed by. 
With this new idea in mind, the observation was recollected, 
and it was felt strongly that a theory of attacking the fin area 
problem was at hand. ‘The test with the reduced rudder throw 
indicated merely that the fin effect of the rudder in a spin was 
greater with reduced rudder throw and therefore the center of ro- 


2 This however is an exaggeration inasmuch as the center of rota- 
tion could not move aft of the center of gravity unless the airplane 
spun with the tail lower than the nose. 

The airplane will tend to rotate about that axis about which damp- 
ing moments are a minimum. This tendency to rotate about the 
axis having minimum damping is usually opposed by other factors, 
namely, lift moments and centrifugal forces, but with an absurdly 
large fin these other forces would become negligible. 

3 It is to be noted that blanketing of the vertical tail surfaces by 
the horizontal tail surfaces has not been mentioned. The reason for 
this omission was twofold, (@) the blanketing effect was thought to be 
so well known as not to merit additional discussion, and (b) we ob- 
served actual changes in spin characteristics with changes in vertical 
fin area above the stabilizer, and noted differences of the same kind 
and amount with similar changes in the fin area below the stabilizer 
(in one test a false bottom was added to the fuselage gradually in- 
creasing its depth from the rear cockpit to the tail post). It was 
felt, in consequence of this, that blanketing was not the whole story. 

It has been suggested that the improvement due to low-aspect- 
ratio, horizontal tail surfaces might have been due to less blanketing. 
This can hardly be so as the reduction in aspect ratio was obtained 
by a large increase in chord and a small decrease in span, the elevator 
hinge line not being moved. Considering the relative position of this 
surface to the fin and rudder and the probable angle of airflow, 
+60 deg in side view and about 45 deg in rear view, it is apparent 
that the blanketing was ‘if anything, increased by the low aspect 
ratio of the stabilizer. 
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DELAYED RECOVERY Ce 
LARGE LOW A.R. FIN, MUCH BETTER THAN E. 
ADOPTED WITH 85 ENG. FOR DIRECTIONAL STA~ 


the other. This of course pro- 
duces a lack of symmetry in 
spin. Offsetting the fin zero- 
lift line by camber reverses the 
direction in which the fin stalls 
later. The proper combination 
of offset and camber should therefore produce a fin which stalls 
at the same angle to both the right and left. This was tried and 
found to work and we were able to produce airplanes with very 
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nearly identical right and left spins and right and left snap rolls. 
In passing it might be stated that prior to this, in one test, the air- 
plane recovered from a prolonged spin in 1!/; turns to the left and 
2'/, turns to the right. Putting the fin on the center line changed 
this to 2!/. turns to the left and 2!/, to the right. There was no 
gain, it must be admitted, as it was purely at the expense of the 
left-hand spin. On the other hand, it demonstrated that the 
lack of symmetry was due to the fin. 


EFFECT OF VARYING HoRIZONTAL TAIL SURFACES 


Another series of tests was run with variations in horizontal 
tail surfaces. At the very beginning of these tests it was recog- 
nized that the fundamental problem in the uncontrolled spin is 
the stalling of the stabilizer, this being the principal difference 
between a controlled and an uncontrolled spin. There are 
several methods of delaying the stall of the stabilizer: (1) to 
lower the aspect ratio, (2) to use a high lift section, (3) to use 
slots on the stabilizer, (4) to use no fixed stabilizer, but to have a 
large elevator hinged somewhat aft of the leading edge so that 
when the elevator is up in a flat spin the angle of attack of this 
surface is not sufficiently high to stall it. Fig. 3c shows the 
probable flow with this latter type of tail; Figs. 3a and 3b show 
the flow with conventional stabilizer and highly cambered stabil- 
izer, respectively. We first tried a great reduction in aspect 
ratio of the horizontal tail surfaces, with immediate beneficial 
results. The resulting tail was so horrible to look at, however, 
that we did not feel that it was the proper solution; so we re- 
sorted to camber on the top of the stabilizer. The results 
thus produced were not so good as with the low aspect ratio, 
but this solution was more adaptable to our purpose, and we 
immediately adopted the highly cambered stabilizer, which we 
have since used on all small two-seater planes. 

It seems that the stalling of the stabilizer is the crux of the 
question and should be the point of attack of the problem. This 
made little difference in the old days, because we had thin wings 
which stalled sooner and low-aspect-ratio horizontal tails which 
stalled later. Therefore, the wing stalled so much sooner than 
the stabilizer that the airplane was not capable of being brought 
up to an angle of attack high enough to stall the stabilizer. Some 
of the tales heard of the old thin-wing airplanes getting into spins 
of a different nature were undoubtedly uncontrolled spins ob- 
tained through some uncommon means such as a bump in the 
air. 

Experiments with changed elevator throw were conducted, the 
only noticeable effect being reduction in stick reversal with in- 
creased elevator throw. This is due to the fact that, with the 
' increased throw, the elevator trails more nearly at its free trailing 
angle and therefore the force on it is less. At angles of attack 
of the stabilizer below the stall, the normal trailing angle of the 
elevator is approximately one-half of the angle of attack of the 
stabilizer. At a 20-deg stabilizer angle of attack this is 10 
deg up. 

If the total up-elevator motion is 30 deg, this is one-third the 
total up-elevator motion, and the stick therefore seeks a new neu- 
tral not sufficiently aft of true neutral for the pilot to notice. At 
angles of attack in which the stabilizer is truly stalled, the eleva- 
tor probably trails free at the angle of attack of the stabilizer. 
In other words, at a 30-deg angle of attack of the stabilizer the 
elevator tends to trail up 30 deg and the stick comes all the way 
back. Thus, when the stabilizer stalls there is a sudden move- 
ment of the stick aft. An airplane of another make was tested 
in the course of the experiments and, although it was found to 
have a spin quite similar to our airplane, the stick reversal force 
was much lower. The elevator throw was measured and found to 
be 40 deg up compared to 29 deg on our ship. We felt that this 
explained the difference in stick reversal. 


AER-56-11 395 


Errect or AIRFOIL SECTION 


Four wing-airfoil sections were tried. Our normal airfoil, 
a Clark Y-15, had no rigid leading-edge cover to maintain the 
airfoil at the nose. Our first experiment was therefore to use a 
duralumin leading-edge cover. The pilots reported a ‘‘wicked’’ 
spin; one of much faster entry. They all pulled out of this spin 
as quickly as possible and we did not deem it advisable at that 
time to make a long spin. This was undoubtedly due to the 
greater autorotative couple resulting from the greater forward 
slope of the resultant force on the outer tip. 
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Fic. 3 Arr Firow on HorizontaL TAIL SuRFACES IN A SPIN 


The next change in airfoil section was the trial of a Gottingen 
398 airfoil. The spins were absolutely the same as those found 
with the Clark-Y. It is to be noted that the 398 wing had no rigid 
leading-edge cover. 

The third change in airfoil section came about by accident. 
We were making tests at one time with a 2000-ft ceiling in which 
we climbed up into the clouds to about 4000 ft and spun down 
through the clouds, recovering when we came out of them. It 
has been forgotten just what variation we were trying at the 
time, but we were greatly gratified to discover that the ship re- 
covered much more rapidly than before. We were about to 
congratulate ourselves on some great discovery in the way of 
tail-surface change, when we noticed that there was ice on the air- 
plane. We did not know whether this ice had produced the ef- 
fect, so we broke it off and repeated the test, gathering ice on our 
climb, and had the same rapid recovery. We first assumed that 
the ice had greatly increased the drag on the interplane brace 
wires, so we made a flight with the streamline tierods flat to the 
wind. No great difference was noticed. We then put a piece of 
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wood on the leading edge to imitate the ice. We were not at- 
tempting to sharpen the leading edge, however. On the air- 
plane we were using there was a very sharp break in the contour 
where the fabric left the leading edge. We felt that probably 
the ice ahead of the leading edge faired out the sharp break and 
produced probably a smoother lift curve, so our wooden strip was 
made with the intention of fairing out this curve. This did 
not help as much as the ice, but it did help, and we adopted 
a modified leading edge on some of our later airplanes. This 
idea was mentioned to Mr. Diehl, of the Bureau of Aeronautics, 
who in turn conveyed it to another aircraft manufacturer. This 
manufacturer put a triangular strip of wood on the leading edge 
of his airplane and greatly improved its spinning characteristics. 
The National Advisory Committee for Aeronautics took the 
matter up and ran some wind-tunnel tests. Their report* shows 
that sharpening of the leading edge to all intents and purposes 
makes a thin wing out of a thick wing. Naturally then, the spin 
would be changed to the spin of a thin wing. The maximum lift, 
however, was reduced 26 per cent. It is not felt that using air- 
foils with reduced maximum lift is the proper line of attack. 
So much for observation. 


MatruematicaL ANALYSIS 


Equations [9], [10], and [11] of Appendix 1 give a starting 
point for qualitatively examining the effects of various changes 
in the airplane on a spin. 

Equilibrium of Pitching Moments. The most striking thing 
about these equations is the term sin? 0. cos @z in Equation [9]. 
This term varies from 0 at 62 = 0 to a maximum of 0.385 at 0: = 
54.8 deg and back to 0 again at 6. = 90 deg. This indicates 
that as far as the balance of flattening couples against pitching 
couples is concerned, the airplane may be in equilibrium in a 
spin in two positions for every center-of-gravity location except- 
ing that center-of-gravity location which gives 0: = 54.8 deg. 
Equation [9] shows that if the center of gravity is moved aft 
(s is decreased), the required decrease in the right side of the 
equation will probably decrease w and, except for the effect of the 
change of w and the requirements of 6; in regard to autorotation, 
sin? 62 cos 62, will change 02 away from 54.8 deg. 

Equilibrium in a spin depends of course not only on the equi- 
librium of Equations [9] and [10], but also on the presence of an 
autorotative force on the wing sufficient to overcome the moments 
in Equation [11] plus the damping moments of the fuselage and 
vertical fin areas. For this reason 6; is not controlled so much by 
the value of s as it is by the requirements for autorotative couples. 

Effect of Wing Loading. From a consideration of lift coeffi- 
cients an increase in W will normally increase the sinking speed 
and w provided no change in s or any of the radii of gyration ac- 
eompanies the change in W. 
| Effect of Vertical Location of Center of Gravity. If the center 
of gravity is raised, t becomes smaller by an amount equal to the 
rise in the c. of g. X sing. This, in turn, must reduce the right- 
hand side of Equation [10] which means a reduction in either 
w, Oy, or 0z. A decrease in either w or 6; might be sufficient to 
make an uncontrolled spin controllable, the amount of the effect 
depending mainly on the value of ¢ which in turn is determined 
by the amount of skid in the spin. If ¢ is negative, i.e., there is 
inward slip, raising the c.g. would have the opposite effect. 

Effect of Longitudinal Distribution of Mass. Increased longi- 
tudinal distribution which increases pz and py, directly increases 
the right-hand side of Equation [9]. This requires either an in- 
crease in s (c.p. must move aft, requiring increase in 0 as the 
center of gravity is assumed fixed), a decrease in w, or a change 
in 62 away from 54.8 deg. If the effect is on @z, note that the 


4 “Characteristics of Two Sharp-Nosed Airfoils Having Reduced 
Spinning Tendencies.’”’ N.A.C.A. 
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spin may become either more flat or less flat. The right-hand 
side of Equation [10] tends to decrease very slightly with in- 
creased longitudinal distribution, inasmuch as increased longi- 
tudinal distribution increases py more than pz (pz assumed greater 
than p,). It should be noted in passing that most spin experi- 
ments, in which it has been assumed that the addition of useful 
load aft of the center of gravity increased the longitudinal dis- 
tribution actually do not have increased longitudinal distribution. 
That is py and p. do not increase. In Appendix 2 it is shown that 
the radius of gyration of a mass with additional weight is less 
than the original radius of gyration unless the weight is added 
at a distance from the center of gravity slightly greater than the 
original radius of gyration. It has been shown$ that py and pz 
vary on military airplanes between 4.4 and 5.14 and’5.8 and 7.91, 
respectively. The useful load usually added to an airplane aft 
of the center of gravity is not on the average as far back as these 
radii of gyration. As useful load was added,® therefore, to move 
the center of gravity aft, no increase in longitudinal distribution 
really occurred, and in consequence, no effect should have been 
expected. The amount that p, and pz can be increased by adding 
loads in the nose and tail of the fuselage is probably not great 
enough to profoundly affect either Equation [9] or [10]. For 
instance, one test was made® with 555 Ib in the nose and 450 Ib 
in the tail, increasing 7, and 7. 800 slug-feet squared. The ap- 
proximate average lever arm of these added weights was 

800 X 32.2 


450 + 555 
were probably not less than 5.06. Therefore, no real increase in 
distribution accompanied the addition of these loads. 

Effect of Lateral Distribution of Mass. A change in distribu- 
tion of weight along the lateral axis changes pz and pz. An in- 
crease in lateral distribution increases pr more than pz (pz as- 
sumed greater than pz). This affects Equation [9] by decreasing 
both (p2 — p22) and (p,? — pz’). To maintain equilibrium, 
s must decrease (c.p. goes forward, requiring a decrease of 6z), 
« must increase or 0, must change toward 54.8 deg. The right 
side of Equation [10] tends to increase with increased lateral 
distribution, requiring either an increase in ¢ or a decrease in w, 
@y, or 6z. An examination of Equation [11] shows that any 
change, which increases M,, decreases Mz, or decreases 0:, 
will decrease the damping moment D. Reducing this damping 
couple would either speed up the spin or at least require more ad- 
ditional damping for recovery. My, is probably more affected 
by lateral distribution which increases pz without changing py- 
The effect.of this on Equation [10] is either greatly to increase ¢ 
and therefore M, or to produce changes in w, 6:, or 0, to prevent 
t from increasing so much. The effect of lateral distribution on 
Equation [9] probably being small due to compensating changes 
in the other variables, the increase in M, is probably not ac- 
companied by an increase in M:, and therefore a reduction in 
damping moment is probable with increased lateral distribution. 


= 5.06 ft. Before this load was added, p, and pz, 


TABLE 2 
Airplane c.g. wo Oz Oy 
1 0.19 3.1 20° "4 
1 0.389 2.5 50° ¥¢ 
2 0.17 3.1 55° ? 
2 0.385 2.1 30° ? 


The gross weights and values of 4, and 6’, in the tests® being 
unknown, it is not possible to apply these formulas® with any 
degree of accuracy. The main point to be seen is that the 
existence of two possible positions of spin for every center of 
gravity location accounts for the possibility of the two airplanes® 


5 “Moments of Inertia of Several Airplanes,’’ N.A.C.A. Tech- 
nical Note No. 375. 
6 ‘Airplane Tail-Spins Analyzed,” by Harry A. Sutton, S.A.E#. 


Journal, November, 1930. 
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behaving so differently as the center of gravity moved aft. 
The data on these two airplanes is given in Table 2. 

A series of spins was made’ in which weight, center-of-gravity 
location, and distribution were varied as independently as pos- 
sible. Added weight on center of gravity without changing 
moments of inertia or balance finally produced a flat (uncon- 
trolled) spin. This is to be expected from a standpoint of in- 
creased wing loading alone. However, as the weight increases 
without increasing the moment of inertia, p*, p,?, and pz? vary 
inversely as the weight. Therefore in Equation [9], with s con- 
stant, increasing weight decreases pz, py, and pz, requiring an 
increase in w or a change in 6, toward 54.8 deg, probably both. 
The tests with varying c.g. position (40 per cent to 26 per cent) 
all showed uncontrolled spins, thereby checking Equation [9], 
which indicates that, as long as the wing will furnish autorotative 
couples, equilibrium can be reached in a spin over a wide range 
of center-of-gravity positions. In this series of tests decalage 
and washout of considerable amount were found to eliminate 
the uncontrolled spin. This is a difficult case to try to explain. 
The first effect one would expect from a washout would be to in- 
crease the forward inclination of the resultant force on the outer 
wing tip with a lesser effect on the inner tip. This should speed 
up rotation which was found to be the case.’ This being so and 
the c.g. being constant, Equation [9] indicates that 9, must 
change away from 54.8 deg to compensate for the increase in wo. 
Apparently 6, moved away from 54.8 deg by decreasing to such 
an angle that the horizontal tail was no longer stalled. On 
some other airplane, especially if it already spun at 6, greater 
than 54.8 deg, the change in 6, due to adding washout might be 
to increase 9, which would be of no help. 

It is stated’ also that as much as 80 per cent increase in horizon- 
tal tail area hastened recovery but did not eliminate the uncon- 
trolled spin. So far as Equation [9] is concerned, increasing the 
horizontal tail area is mainly an increase in s (combined c.p. of 
stalled wing and tail moves aft with larger tail). Increasing s 
should ordinarily decrease 6, and increase w, and such a change 
in 6, would usually mean a hastening of the return of control in 
recovery fromaspin. (All that is necessary to regain control is a 
reduction of 6, sufficient to eliminate the stalling of the horizontal 
tail.) However, the increase in w should delay reduction in #z, 
so one can really take his choice. For instance, in the case of 
airplane No. 2 with the c.g. aft,® 6, was 30 deg (see Table 2) and 
recovery was difficult. It was not stated® however whether the 
difficulty was due to high stick forces to be overcome by the pilot 
or merely to the longer time required to regain control. 

Our own observations on the negligible benefit of increased fin 
area also have been checked.’ 

Causes of Autorotation. Airplane designers have been censured 
at different times for not using the wind tunnel to determine the 
cure of the spin trouble. On the other hand, the airplane designer 
can justify himself for not so doing by pointing out that, for ex- 
ample, although the wind tunnel proclaimed that monoplanes 
would not flat-spin, nevertheless they do. It seems to me that 
this false conclusion was due to the conditions under which air- 
foils are tested in spinning being so far from the conditions in a 
spin. Nearly all tests in spinning of airfoils and the criteria 
for autorotation derived from them are made with the spin axis 
a rigid body capable of taking bending moment and shear. 
Equations* for the forces on an airfoil spinning around a fixed 
axis have been applied to the problem, and some of these equa- 
tions are for forces which tend to bend the spinning axis. How- 
ever, the spinning axis of an airplane cannot take bending mo- 


7 “Spinning Experiments,” by Paul E. Hovgard, S.A.B. Journal, 
November, 1930. 

8 “Wind Tunnel Tests on Autorotation and the Flat Spin,” by 
Montgomery Knight. N.A.C.A. Report No. 273. 
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ments except those that are absorbed by the flattening couple 
due to inertia. Therefore, when an airplane spins it must spin 
about such an axis that the bending moments in the axis are 
equal to the flattening couples due to inertia. Furthermore, 
there can be no shear in the spinning axis, that is, the resultant 
air force must be exactly equal to and opposed to the resultant 
force due to the weight and centrifugal force. If the equations 
are written for the spinning tendency of an airplane around an 
axis in which there is no bending moment, it will be found that 
the only cause of autorotation is the variation along the span of 
the slope o of the resultant force, i.e., variation in chord com- 
ponent. The variation along the span of the amount of the 
resultant force merely shifts the axis of rotation along the span. 

This is discussed mathematically in Appendix 3. Equation 
[11] of Appendix 1 is really a statement of the autorotative 
couples with « assumed constant and shows that when the center 
of rotation is in the position normally obtained in an airplane 
spin this so-called autorotative couple with ¢ constant is usually 
negative. In other words, it tends to dampen rotation. 

The reason that high-lift airfoils spin more viciously than the 
thin airfoils is that o varies farthest from 0 just prior to the stall 
and is greater as the lift before stall increases. Fig. 17 of Knight’s 
report? shows this difference. 

The shape of the normal force curve of the airfoil does have 
an effect on the spin in another indirect manner. If the normal 
force becomes much smaller at high angles of attack, as it does for 
instance on a biplane without stagger, the sinking speed and 
therefore the rotational speed in a spin will increase at high angles 
of attack. This will in turn possibly produce flatter or more un- 
controlled spins. The pilot’s observation that increasing stagger 
makes spins more controlled is therefore strictly in accord with 
theory—not the theory that the shape of the normal force curve 
determines autorotative couples, but with the theory that the 
shape of the normal force curve determines sinking speed. 

There is an item that may have some effect on a pilot’s ob- 
servations which, as far 4s is known, has not been discussed. 
This is the effect of altitude on a spin. Since sinking speed, and 
therefore rotational speed, increase with increasing wing load and 
with decreasing density, spins at high altitudes will be faster, and 
in consequence possibly less controlled, than spins at low alti- 
tudes, all other conditions being equal. It is conceivable then 
that a spin might be entered at 10,000 ft from which recovery 
could not be made at that altitude but, as the altitude decreased 
and denser air was encountered, the spin would slow down, pro- 
ducing changes in attitude, which finally would permit recovery. 


CoNCLUSIONS 


It is difficult to draw conclusions from the limited observations 
given, but apparently the following are indicated: 


1 Wing loading is one of the major factors in uncontrolled 
spins. 

2 The stalling of the horizontal tail surfaces is the distinguish- 
ing factor in uncontrolled spins. 

3 For speedy recovery from uncontrolled spins the largest 
possible controlled variability in vertical fin areas is desired. 
This means a large rudder of high angular throw and a small fin. 
Unfortunately this combination also hastens entry into a spin. 

4 If sufficient fin area, in connection with a small rudder, to 
prevent entry into a spin is provided, recovery from any spin pro- 
duced by accidental circumstances would probably be impossible. 

5 Center-of-gravity location is a secondary factor, being of 
more importance with lighter wing loadings. 

6 An autorotative couple is necessary both for starting a spin 
and for its continuance, there being damping couples due not 
only to vertical fin areas but also to the lift force. 

7 The shape of the normal force-coefficient curve of the cellule 
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is not a major factor in producing an autorotative couple, be- 
eause of the tendency of the spin axis to shift and thereby elimi- 
nate the couple thus set up. 

8 The major source of autorotative couples is the variation 
in slope of the resultant air force relative to the normal to the 
wing chord at varying angles of attack. Since this variation is 
greater on high-lift airfoils than on low-lift airfoils, the former 
have greater autorotative couples at higher mean angles of at- 
tack. 

9 The shape of the normal force-coefficient curve has a sec- 
ondary effect on spinning in that, if the normal force coefficient 
decreases at higher angles of attack, the sinking speed and there- 
fore rotational speed in a spin increase. 

10 It is possible to recover from a spin at low altitude from 
which it might be impossible to recover at high altitude. 

11 There are two possible positions of equilibrium in a spin 
for every center-of-gravity position and either of these spins 
may be obtained if the wing will furnish the required autorotative 
couples in the two positions. 

12 With accurate observations on the spin of a given airplane, 
mathematics may indicate the most promising changes in the air- 
plane to favorably alter the spinning characteristics. 

13. The effects of center-of-gravity location and longitudinal 
distribution that have been noted in most spinning experiments 
have been primarily due to increased wing loading, the change 
in center-of-gravity position usually being accomplished by ad- 
ditional load aft. The change in radius of gyration due to these 
added weights has usually been negligible in that the moment 
of inertia has not increased faster than the weight. 


Appendix 1 


PART 1—DERIVATION OF EQUATIONS FOR THE COUPLES 
DUE TO INERTIA TENDING TO CHANGE THE POSITION 
OF AN AIRPLANE IN A SPIN (SEE FIG. 4) 


Fic. 4 Inertia or Forcus In A SPIN 


Let 6. = angle between spin axis and X-X axis 
6, = angle of bank viewed parallel with X-X axis 
x, y, 2, be coordinates of any particle referred to X-X, 
Y-Y, and Z-Z axes. 
dm = small particle in airplane 


W 
ihe dm = M = mass of airplane = — 
g 


R: = distance of c.g. from spin axis in side view 

R, = distance of c.g. from spin axis in rear view 

r = true radius of particle dm = A/, ta? + ty? 

w = angular velocity of rotation of airplane about spin 
axis 


centrifugal ferce on dm = w? r dm 


Cord 
ll 
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i 

fz = component of f parallel to rz = tte = w* rz dm 
r 
r 

fu = component of f parallel to ry = fry = w? ry dm 
ip 


Moment arm of f; around origin (c.g.) in side view = k 
Moment arm of fy around origin (¢.g.) in rear view = h 


h = y sin 0, + z cos Ay 

k = 2008 6; +hsin 6. = x cos 0: + y sin 62 sin 6, + 
Biss COS Cite son et ene ae eee {1) 

Ty = Ry, + y cos 6, — z sin Oy 

Tx = Rz + asin 02: — h cos 02 

Tx = R, + xsin 6: — y cos Oz sin 6, — z cos 0z cos Oy. [2] 


Let dM, = moment of f, about origin in side view 
aM, = frk SOE ATE Here AIRE A ry oh Ruki ec (3] 


since the origin is the c.g. of the airplane 
JS xcdm, J-ydm, and JS zdm, all = 0 
Assuming that axes X-X, Y-Y, and Z-Z are the principal axes of 
inertia (the error is very small®) 
JS aydm, f-xedm, and f-yzdm, all = 0 
Substituting values [1] and [2] of kandrzin [3] and integrating 
gives 
Mz = o? sin 62 cos 02 [ fx? dm — sin? 6, fy? dm 
5. COSL Oye Re TONU iis cline huss Water aeaee ere: eye {4] 


I. = (22 +4?) dm = fx'dm + S y2dm 


1, = Jxedm + S 2dm 
I, = Sydm + S22dm 
Solving 

I+ 1,—TIs 

Sxdm = I, + ly — te 
2 

Iz+I1z—I1 

S yam a Iz +le— ty 
2 

I, +1, —TI: 

S2dm = ston 


Substituting the above in [4] we get 
Mz = w* sin 02 cos 02 [(Iz— Iz) cos® 6 + ly — Iz) sin? 6y] .. (5] 
Similarly 
dM, = fyh + fz cos 6 (y cos 6, — 2 sin 6y) 
This integrates to 
M, = w* sin 6, cos 6, (Iz — Ty) sin? z........... [6] 


M, is the couple due to inertia tending to flatten the spin later- 
ally. It is opposed by the moment between the weight of the 
airplane and the lateral shift in c.p. of lift on the entire airplane 
together with other moments due to vertical distribution of fin 
area. Mathematics is at present unable to cope with either of 
these factors. Mz is opposed mainly by the couple between the 
weight of the airplane and the center of lift. 


PART 2—APPROXIMATE STATEMENT OF THE AIR 
FORCES IN A SPIN OPPOSING THE FORCES DUE TO 
WEIGHT AND INERTIA (SEE FIG. 5) 


When a wing is stalled the air force is very nearly normal to the 
wing regardless of angle of attack. We may assume, therefore, 
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with little error, that both the air force and the opposing resultant 
of W, and centrifugal force Fz are normal to the X-X axis. 


tan 02 = 


P: 
Wasa ioaks 
g 
eth on 
Re = a We ha [7] 


The resultant air forces are not perpendicular to the Y-Y 
axis however due to the cross wind forces on the side of the fusel- 


a 
SPIN AXIS 


TRUE RESULTANT AIR 
FORCE ON AIRPLANE 


SIDE FORCE DUE TO 
YAW OF FIN AREAS 


Fig. 5 BataNnce or Forcss IN A SPIN 


age, landing gear, and vertical tail surfaces. This variation in 
angle from the perpendicular to the axis Y-Y will be called ¢ 
and Oy + co) = 6’y 


t 9’ Wiig sin 6z 
an — 
WwW 
W 
F, ca) Nas w*Ry 
g 
Ww*R, sin Oz 
tan 6’, = 
v gw 
tan 6’ 2 
Bie OR ot dest 5 [8] 
w? sin Oz 


Ws 
Referring to Fig. 4, the couple opposing Mz is roe 


s = longitudinal distance from c.g. to c.p. of all lift forces 
Equating to [5] 
Ws 


sin 62 


sin? Oy] ° 


= Mz = w’ sin 6z cos 62 [Ue — Iz) cos? 6y + (y — Iz) 


M,; sin 6z 


W 


Acad Iz—TI: Ki —— Dg Wm 
Ss = w? sin? 6: COS Oz 1 cos? 6, + W sin? Oy 
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w? 
s= 7 sin? @z cos 62 [(p:? — pz”) cos? Oy + (py? — pz?) 


ae Wt 
Similarly the couple opposing M, is ae 
sin 62 cos 6’y 


t = lateral distance from c.g. to c.p. of all lift forces mea- 
sured parallel to lateral axis 
Equating to [6] 
Wt cos ¢ 
——— = M, = o' sin 4, cos by sin? 42 (Iz — Ly) 
sin 62 cos 0’y 
My, sin 6z cos 0’y 


t 
W cos¢ 


w sin 6y cos Oy cos 6’y sin? 6z 
g cos 


(p22 — py)..2.---.- [10] 
Taking moments about the c.g. in the plan view there is an 
unbalanced moment D tending to stop rotation. 
D = F, (s sin 62 — t¢ sin 0y cos 02) — Fz t cos 4y 


which reduces to 


cos 6’, cos 8z cos &, 
—— (1 
cos ¢ 


1 SUES OR LEREE, Gyr) ene a Ara TE CR PCL Sa! oc thetie- a ah ns 201% wusjotevesie {11] 


D a M:z sin Oz tan 0’y 7 M, 


where M, and My, are the moments given by Equations [5] and 
(6). 


Appendix 2 


CHANGE IN RADIUS OF GYRATION OF A BODY DUE TO 
ADDED WEIGHT (SEE FIG. 6) 


c.§, of M 


Fie. 6 Errect or ADDED WEIGHT ON INERTIA 


ll 


Let M = original mass 

I = moment of inertia of M 

p = radius of gyration of M 

m = KM = added mass at distance x from original c.g. 
Assume moment of inertia of m about its own c.g. is negligible 

I’ = moment of inertia of M +m 

q = radius of gyration of M + m 

max Kz 


Eee ni PAK 
I’ =I14+ My?+m (¢—y)? 


- M K2x? ma? 
hs Rami Mette Feces 
Cae Ee Ee 
Ee al I We a x 
nae: Kz? 
re 1+Kk 
2 ears 
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Letting g = p and solving for z 
s=pVi1+kK 
When « < p V/1-+K the new radius of gyration is less than 
the old. 


Appendix 3 


THE EFFECT ON A SPIN OF THE INABILITY OF THE SPIN 
AXIS TO TAKE BENDING MOMENT (SEE FIG. 7) 


Fig. 6 and Equations [12] and [13] below are lifted bodily from 
the appendix of Knight’s report* with slight changes, however, 
in the symbols to agree with those used in Appendixes 1 and 2 of 
this paper. 


1 + S/2 

Ca = = a CiaypeSOC?28 Cayenrien miei Atkin rors {12] 
S? J—s/2 
1 + S/2 

C= f CRIMSON IU ib tun satan Con eth SOEs [13] 
S? J—s/2 

Where 

Ca = coefficient of autorotation 

Cy = coefficient of bending in spin axis 

S = span of airplane 


Cs C 


Re) 


Spin Axis 


Fie. 7 Wine ELnMentT in AUTOROTATION 


If the spin axis cannot take bending, Equation [13] becomes 
C> =0. This is accomplished physically by the spin axis shifting 
off the center of the wing an amount eso that [13] becomes 


Lar mi 
Cs = — Cvy sec? 6 dy = 0 
SAR) ——S/2——e Q d 


But Cr = C» cot (0x — c) 
Therefore if o is constant, Equation [12] becomes 
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ll 


1 + S/2—e 
Ca = cot (62 — oc) = ‘ij Cry sec? 6 dy 
S72) — $/2—e 


Ca = Cr cot (02 — a) 


Therefore, when Cy = 0 (the spin axis takes no bending) C's 
differs from 0 only if o is not constant. Therefore Ca does not 
exist by virtue of the shape of the resultant force-coefficient curve 
of the airfoil. It follows then that variation in o is the major 
source of autorotation, not variation of Cr. 


Discussion 


Auexanppr Kirmin.? I think the following points are worthy 
of consideration. 

It is quite clear that moving the c.g. forward diminished the 
number of turns for recovery. Is this due to greater diving 
beyond the stall? If so, it may be supposed that the stabilizer 
setting remained the same when the c.g. was changed. 

In discussing the effect of wing loading, would it be proper to 
point out that the increase in wing loading at a given angle of 
incidence increases the vertical velocity and hence the centrifugal 


OR 
force? From this it follows that at same \ = a 


The © increases, while R diminishes, so that heavier loading 
means a faster, tighter spin and hence greater difficulty of re- 
covery. 

In varying the fin aspect ratio, might not both fin and rudder 
have been blanketed by the stabilizer, so that the increasing 
aspect ratio did not help? 

In discussing the “Effect of Varying Fin Area” the author 
states that “the airplane would rotate around the fin.” The 
writer does not follow the argument here. Perhaps this thought. 
could be expanded farther. 


AvuTHOoR’s CLOSURE 


Spins were made with stabilizer in all settings with apparently 
very little change. 

Usually the spins were made with stabilizer set for cruising. 

The effect of wing loading is discussed early in the paper under 
that heading and also indirectly in conclusion 9. 

Blanketing of tail has been covered in footnote 3. With con- 
stant fin area, the directional stability at small angles of yaw was. 
the same regardless of fin-aspect ratio but with low fin-aspect 
ratios this stability was maintained to higher angles of yaw, there 
being a distinct feeling of stall of the fin when the directional 
stability became negative. This was long before anything like a 
spin was approached. 


9 Professor of Aeronautical Engineering, New York University, 
New York, N. Y. Mem. A.S.M.E. 
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Burning Characteristics of Pulverized Coals 


and the Radiation From Their Flames 


By RALPH A. SHERMAN,! COLUMBUS, OHIO 


This paper deals with a laboratory investigation of 


-, Hocking, Pocahontas, Illinois No. 6, and Pittsburgh No. 8 


coals to determine the relation of the rate of burning of 
pulverized fuels and of the radiation from their flames, 
to the type of coal and the fineness of pulverization. 
The principal conclusions drawn from the results of this 
investigation are: That fineness of grinding becomes in- 
creasingly important as the combustion space is restricted; 
that the type of coal influences the rate of combustion; 
that increased furnace temperature increases the rate of 
and that, although the temperature and 
total radiation of the flame are affected by fineness of 
grinding, excess air, and rate of firing, the emissivity of 
the flame at any position is affected to a marked degree 
only by the type of coal. 


OR some time, the Battelle Memorial Institute has con- 
KF ducted an experimental investigation of the combustion 

of pulverized fuels in a large-scale laboratory apparatus. 
The object of this investigation was to determine the relation 
of the rate of burning of pulverized fuels and of the radiation 
from their flames to the type of fuel and the fineness of pulveriza- 
tion. 

A previous paper? discussed the work of other investigators, 
described in detail the apparatus and the methods of testing, 
and presented data on the progress of combustion and the 
amount of carbon remaining unburned at various points in the 
flame when burning Ohio No. 6 or Hocking and Pocahontas 
No. 3 coals and some semi-cokes made from Hocking coal. The 
conclusions presented in that paper were: 

1 The primary product that appears in the combustion of 
fuel in pulverized form is CO2. With ratios of air to coal equal 
to or greater than required, CO appeared only in small amounts 
in the initial carbonization of the coal. CO found in industrial 
furnaces burning pulverized fuel is undoubtedly formed in the 
stream of coal and primary air which is generally much less 
than the amount required for complete combustion; the CO 


_ once formed may persist for a considerable distance of flame travel 


because of slow mixing with secondary air. 

2 With Hocking coal at 8.5 or 10.5 ft from the burner, the 
unburned carbon loss did not decrease with increase of excess air 
above 20 per cent. 

3 No one numerical value that fully expresses the fine- 
ness of pulverized fuel with significance in regard to its com- 
bustion characteristics was found. The specific surface did not 


1 Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. Mr. Sherman is a graduate of the University of 
Iowa. For ten years he was associated with the U. S. Bureau of 
Mines, Fuel Section, at Pittsburgh. Since 1930 he has been with the 
Battelle Memorial Institute in his present capacity and is in charge 
of the research work on the combustion of fuels. 

2 R, A. Sherman, Proc. Third Int. Conf. on Bituminous Coal, 1931, 
vol. II, p. 510. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., Decermber 4 to 8, 1933, of THz AmpRIcan 
Socrrty or MrecHANIcaL ENGINEERS. 

Norts: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


appear to have greater general significance than the percent- 
age passing 200-mesh. For equal percentages passing 200- 
mesh the amount retained on 100-mesh was markedly 
significant. Pulverized-fuel-equipment manufacturers would un- 
doubtedly do well to develop equipment that would deliver a 
uniformly sized product rather than one of extreme fineness. 

4 The rates of combustion and percentages of unburned 
carbon varied greatly with the type of fuel. The loss in un- 
burned carbon was greater for Pocahontas than Hocking coal 
at equal percentages through 200-mesh and other conditions 
equal, although the “superfines” and specific surface were much 
greater for the Pocahontas coal. A wide enough range of fuels 
has not yet been covered to develop a relation between the 
burning characteristics and other known properties of the 
fuels. 

5 Semi-cokes having contents of volatile matter as low as 
12.8 per cent burned satisfactorily as pulverized fuel, although 
their carbon loss was higher for similar conditions than that of 
the coal from which they were made. 

6 FPulverized fuels were burned in the test furnace at rates 
of heat liberation equal to those of industrial furnaces. The 
unburned carbon losses after only 10.5 ft of flame travel and 
with a burning time of approximately 0.3 sec were equal to 
those attained with longer flame travel in industrial furnaces. 
This was attained with a simple burner which admitted all the 
air with the coal and with no attempt at turbulence. If this 
principle were extended to burners of high capacity, it wquld not 
work as well, inasmuch as conditions would not be as favorable 
for ignition of the fuel, because the volume of the cone of fuel 
would increase so much more rapidly than the surface. Divi- 
sion of the coal and air among a large number of small burners 
would offer certain mechanical difficulties, as (1) the uniform 
distribution of coal and air among a number of burners, par- 
ticularly in a direct-fired unit, (2) the increased power con- 
sumption for blowing air through small ducts with the coal, 
and (3) the increased difficulties in the use of preheated air. 


Score or PAPER 


The present paper includes further work that has been done 
on the Hocking and Pocahontas coals and on Illinois No. 6 and 
Pittsburgh No. 8 coals. Data are presented on the following four 
relationships: 


1 Excess air to combustion of Hocking and Pocahontas coals. 

2 Fineness of grinding to combustion of the four coals. 

3 Rate of firing and furnace temperature to completeness of 
combustion. 

4 Radiation and emissivity of flames to excess air, fineness and 
rate of firing for the four coals. 


APPARATUS AND METHODS 


The testing apparatus included a drier, conical ball mill, 
air classifier, storage and weighing bins, screw feeder, fan, 
burner, furnace and equipment for sampling gases and solids 
and for the measurement of temperature of the gases and their 
radiation. As the apparatus and methods, except for the 
radiation work, were described in detail in the previous paper, 
they will not be repeated. 
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For convenient reference, however, Fig. 1 shows details of 
the furnace and burner. The furnace was tightly sealed and 
all the air used for combustion was supplied through the burner 
with the coal. The purpose was to study the combustion in a 
stream of coal and air of uniform mixture and samples were taken 
on the center line of the furnace as the closest approximation to 
the desired ideal. The apparatus and methods for the deter- 
mination of the radiation from the flame are described later. 


CHARACTERISTICS OF COALS 


Table 1 gives the source, proximate and ultimate analyses, 
calorific value, softening temperature of ash and true specific 
gravity of the coals burned. The analyses are on the basis of 
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Fig. 1 Derrarts or FuRNACE AND BURNER 


typical moisture as fired. The IIlinois coal was furnished by the 
Union Collieries Co., through the courtesy of E. H. Tenney, 
chief engineer of power plants, Union Electric Light & Power 
Co., St. Louis, Mo. 

Table 2 gives typical size characteristics of the pulverized 
coals as determined by screen tests and by microscopic counting. 
The pulverizing equipment, ball mill and classifier, gave a lower 
percentage of coarse particles, +30 or 50-mesh sieve, than is 
frequently obtained in industrial practise. Thus, with 75 per 
cent or more passing the 200-mesh sieve, not over 0.2 per cent 
remained on the 50-mesh sieve. The importance of the elimi- 
nation of the coarse sizes was shown by data given in the earlier 


paper. 


TABLE 1 CHARACTERISTICS OF COALS 


Coal Ohio No.6 Pocahontas Illinois Pittsburgh 
Hocking No. 3 No. 6 No. 8 
Source 
State Ohio West Virginia Illinois Obio 
County Athens Mercer Jackson Belmont 
Mine Lick Run Louisville Kathleen Blaine 
Composition, as fired 
Proximate 
Moisture 2.3 0.4 Ld 0.5 
Volatile matter 35.4 17.2 33.6 40.0 
Fixed Carbon 52:3 76.6 50.4 50.2 
Ash 10.0 5.8 14.9 9.3 
100.0 100.0 100.0 100.0 
Ultimate 
Carbon 71.8 85.0 66.7 72.3 
Hydrogen 5.1 4.4 4.6 5.0 
Oxygen 10.3 22 11.0 7.4 
Nitrogen 1.3 2.0 1.5 1.2 
Sulphur 1.5 0.6 1.3 4.8 
Ash 10.0 5.8 14.9 9.3 
, 100.0 100.0 100.0 100.0 
Calorific value, Btu 
per lb 12,420 14,790 11,770 13,200 
Softening temp. of ash, F ,, 2,590 2,630 2,250 1,985 
True specific gravity 1.42 1.33 1.46 1.40 
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TABLE 2 SIZE CHARACTERISTICS OF COAL 


Surface 
in —200 
Total -mesh 
Cumulative oversize, —200, Mean sur- coal, 
per cent per diam, face, per 
U.S.S cent mm cm?/gm_ cent 
sieve 
no. 30 50 100 200 
Size 
open- 
ing, 
mm 0.590 0.297 0.149 0.074 
Hocking 
0.2 2.0 19.8 56.6 43.4 0.053 790 79.1 
0.0 0.2 Coats) 44,2 55.8 0.035 1215 88.2 
0.0 0.0 0.6 24.6 75.4 0.032 1325 93.4 
0.0 0.0 0.4 19.8 80.2 0.028 1514 95.4 
Pocahontas 
0.6 9.0 31.4 61.6 38.4 0.039 1155 85.6 
0.0 0.2 9.2 39.2 60.8 0.025 1800 92.6 
0.0 0.0 1.0 21.0 79.0 0.012 3615 97.7 
0.0 0.0 0.6 9.0 91.0 0.010 4685 99.3 
Illinois 
0.2 2.0 23.0 60.6 39.4 0.059 695 75.6 
0.0 0.6 10.2 48.8 51.2 0.044 930 83.6 
0.0 0.2 7.4 44.2 55.8 0.041 1005 85.9 
0.0 0.2 1.2 24.0 76.0 0.033 1245 92.1 
0.0 0.0 0.4 15.0 85.0 0.027 1535 96.7 
Pittsburgh No. 8 
0.2 1.8 19.0 57.8 42.2 0.055 765 77.3 
0.0 0.8 10.6 48.2 51.8 0.048 900 82.9 
0.0 0.2 4.6 35.0 65.0 0.037 1175 90.0 
0.0 0.0 0.2 14.8 85.2 0.022 1925 97.2 


The size characteristics of the three high-volatile coals were 
similar but the Pocahontas coal was marked, not only by the 
greater fineness shown by the smaller average diameter or 
greater specific surface, but also by the larger percentage of the 
coarse sizes. 


Discussion or Compustion Data 


Excess Air and Unburned Carbon. Fig. 2 shows the relation 
of the percentage of carbon remaining unburned at 8.5 and 
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Fig. 2 Revation or UNBURNED CARBON TO Excess AIR, 
Hocxine AND POCAHONTAS COALS 


(Through 200-mesh, 80 per cent; rate of heat input 2,650,000—2,800,000 
Btu per hr. Figures on curves are distances from burner in ft.) 


10.5 ft from the burners to the percentage of excess air when 
burning Hocking and Pocahontas coals; the data for the Hock- 
ing coal are set forth in Fig. 17 of the previous report. The 
unburned carbon continued to decrease up to 30 per cent excess 
air with the Pocahontas coal, whereas the curves for the Hocking 
coal were practically flat beyond 20 per cent. 

Fineness of Grinding and Unburned Carbon. Figs. 3 to 6 
show the relation of the percentage of carbon unburned at 
various points in the flame to the percentage of the coal passing 
the 200-mesh sieve for the four coals when burned at similar 
rates of heat input and with 20 per cent excess air. The per- 
centage through 200-mesh is used as a basis for plotting for, 
as stated above in conclusion 3 from the previous paper, no 
better basis has been found. The data for the Hocking coal 
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are based on coal of the fineness characteristics given in Table 
2. The unburned carbon for coal of 70 per cent or more through 
200-mesh sieve is, therefore, less than that shown in Fig. 15 of the 
first paper. 

The curves show the great importance of fineness of pul- 


~ verization as the combustion space is restricted. An exception, 


however, was the Pocahontas coal at 4.5 ft from the burner where 
increased fineness apparently did not decrease the amount of 
unburned carbon. 

Although they do not break sharply, the curves for 10.5 ft 


‘from the burner tend to become flat and indicate approxi- 


mately the limit beyond which increased fineness results in 
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Fig. 3 Revation or UNBURNED CARBON TO FINENESS OF 
Hocxine Coan 


(Excess air 20 per cent; rate of heat input 2,650,000 Btu per hr. 
on curves are distances from burner in ft.) 
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: Figures 
on curves are distances from burner in ft.) 


little decrease in unburned carbon. These limits are approxi- 
mately 70 per cent for Hocking, 85 per cent for Pocahontas, 
75 per cent for Illinois, and 65 per cent for Pittsburgh coal. 
Obviously, for a particular installation the optimum fineness of 
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pulverization must be determined by an economic balance 
between the decrease in the loss in unburned carbon and the 
increased power for finer pulverization. No power-consumption 
data were taken in this investigation. 


Relation of Type of Coal to Unburned Carbon. Figs. 3 to 6 
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(Excess air 20 per cent; rate of heat input 2,700,000 Btu per hr. 
on curves are distances from burner in ft.) 


Figures 
also indicate the relative rates of combustion of the four coals 
but Fig. 7, in which the unburned carbon and temperature 
are plotted against the burning time, shows the relation more 
clearly. The times were calculated from the velocity readings 
taken with a water-cooled pitot tube on the center line of the 
furnace. Although only approximate, they afford better com- 
parisons than distance only. 

The curves for the Hocking and Pittsburgh coals are prac- 
tically coincident. They burned much more rapidly than the 
other two coals and Pocahontas coal burned much the slowest 
of the four. The temperature curves show similarly the differ- 
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ence in the rates of burning. The temperature at the first 
position was lowest for the Pocahontas coal and it increased 
most slowly. The greatest difference in the final temperature 
was about 100 F. It was highest for the Pocahontas coal and 
lowest for the Hlinois coal. 

That Pocahontas and other coals of similarly low content of 
volatile matter burn more slowly in pulverized form than coals 
of higher volatile content is well known. An obvious explana- 
tion is the fact that, because less carbon is distilled in gaseous 
hydrocarbons, more must be burned as solid carbon which burns 
less rapidly than the gas. 

However, these data show that the rate of burning is not 
directly proportional to the content of volatile matter. The 
Illinois coal burned more slowly than the Hocking coal, al- 
though their volatile contents were practically the same on 
the moisture- and ash-free basis. Pittsburgh coal burned 
only slightly more rapidly than Hocking coal, although their 
volatile contents on the moisture- and ash-free basis were 44 and 
40 per cent, respectively. 

The ash content, oxygen content, quality of volatile matter, 
and probably other factors undoubtedly control the rate of 
burning as well as volatile matter content and many coals 
would have to be investigated before even an approximate rela- 
tion were found between the rates of burning and the com- 
position of the coals. Godbert® found that a reactivity index 
was closely related to the burning time. It is also considered 
possible that the ignition temperature of the coal may be an 
important factor if it were determined under conditions of 
actual suspension of the coal in an air stream. The initial 
rate of combustion is so rapid that a small gain in time by earlier 
ignition would make a great difference in the rate of combustion 
as measured from the time of entrance of the coal into the 
furnace. 

Relation of Rate of Combustion to Furnace Temperature. Griffin, 
Adams, and Smith‘ in a series of small-scale experiments on the 
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Fig. 7 Comparison oF Rate or BurNING oF Four Coats 


(Rate of heat input 2,650,000—-2,710,000 Btu per hr, excess air 20 per 
cent; through 200-mesh, 75 to 79 per cent.) 


burning of individual particles of fuel found, among other 
results, that the burning time increased with increase of tempera- 
ture. 

An explanation of this surprising result has been proposed 


3 A. L. Godbert, Fuel, vol. 9, 1930, p. 57. 
4H. K. Griffin, J. R. Adams, and D. F. Smith, Ind. Eng. Chem., 
vol. 21, 1929, p. 808. 3 
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by Burke and Schumanné as due to the fact that the mass of 
oxygen per unit volume of the film surrounding the particle de- 
creases with increase of temperature. 

The possible change in the temperature of the large-scale 
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5 §, P. Burke and T. E. W. Schumann, Ind. Eng. Chem., vol. 23 
1931, p. 406. 
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furnace was not large. It could be obtained in two ways: 
(1) by taking data at varying intervals from initial lighting of 
the furnace and (2) by change in the rate of firing. f 

Figs. 8, 9, and 10 show, respectively, for Hocking, Pocahontas, 


, and Illinois coals, the relation of the unburned carbon to the 


burning time with varying furnace temperature. The different 
temperatures were obtained by taking observations at 2, 5, and 
7 hours after lighting the furnace. The increase in the maxi- 
mum temperature with increase in time from lighting the furnace 
was about 200 F with each coal. As the temperature of the gases 


* increased, their velocity increased and the time in the furnace 


decreased. 
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Input, Intrno1s Coan 
(Excess air 20 per cent; through 200-mesh, 80 per cent.) 


The actual difference in unburned carbon with difference in 
time was greatest for the Pocahontas coal. The difference de- 
creased with increasing distance from the burner. The general 
similarity of the slope of the three curves for each coal again 
suggests that the principal difference may have been in the 
time of ignition of the 
coal. As the furnace 
became hotter near the 
burner, the ignition oc- 
curred earlier and this 
again increased the 
temperature in the 
front part of the fur- 
nace. 

Fig. 11 shows the 
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hotter with increase in time or increase in rate of firing, the 
ignition occurred earlier. 

A similar change in the temperature of a boiler or other furnace 
would have a similar effect on the rate of ignition; therefore, the 
desirability of maintenance of a hot zone near the burner is 
obvious. However, it cannot be concluded that water-cooled 
boiler-furnace walls will, in general, decrease markedly the overall 
rate of combustion. In large furnaces the flames are so thick 
that, as shown later in this paper, they become practically black 
and the cold wall does not so greatly affect the temperature at the 
burner as it did in the experimental furnace. In small furnaces, 
such as those of Scotch Marine or domestic boilers, the tempera- 
ture of the walls has an important effect on the temperature in 
the flame and, therefore, on the combustion process. 


RapDIATION FRomM PULVERIZED Coau FLAMES 


The percentage of the heat liberated in a furnace that is 
transferred to the heat-receiving surface by radiation is an 
important factor in the design of boilers, oil stills, and similar 
equipment, as it determines the desirable relation of the radia- 
tion and convection surfaces. Broido,® Orrok’ and DeBaufre® 
have considered empirical formulas, and Wohlenberg® and co- 
workers, and Haslam and Hottel!® have proposed formulas of 
more fundamental basis for the calculation of the fraction of 
the total heat liberated in the furnace that is radiated to the 
tubes in a boiler or other furnace. Experimental determina- 
tions of the radiation from the flame have been lacking. 
Koessler!! has published the results of the determination of the 
radiation in several types of furnaces. 

Apparatus and methods were developed to measure the radia- 
tion from the flames in the experimental furnace in the hope that 
the results could be interpreted for other furnace conditions and 
that they would serve to determine the validity of the formulas 
that have been set up. 


APPARATUS AND MretHop 


Fig. 12 shows the arrangement of the apparatus used for the 
measurement of the radiation from the flame, which was similar 


THERMOPILE 


effect of temperature = 
on the rate of burning 

of Illinois coal when 

the change in temperature was effected by change in the rate 
of heat input. The amount of unburned carbon at each posi- 
tion increased with increase in the rate of firing, but, as the 
velocity also increased, these curves show that the burning time 
to a given percentage of unburned carbon decreased with in- 
crease in the rate of firing. 

These results show that in this furnace, and by analogy, un- 
doubtedly, in large boiler furnaces, the burning time decreased 
with increase in furnace temperature rather than increased as 
indicated by the small-scale experiments to which reference was 
made. It will be seen, however, that the greatest difference 
was, in general, in the early part of the flame and the slope of 
the curves for the latter part of the travel was so similar that 
the principal difference may have been the time of ignition of 
the coal. As the walls of the furnace near the burner became 
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Fig. 12 AppaARATUS FOR MEASUREMENT OF RADIATION 


to that used by Koessler.1! It consisted of a Moll thermopile 
mounted on the end of a water-cooled tube which contained four 
diaphragms to limit the angle of vision. Around the thermopile 
was a water jacket through which the water flowed in series with 
the tube; in this way the cold ends of the thermopile junctions 
and the surface of the tube that the thermopile ‘‘saw”’ were at the 


6B. N. Broido, A.S.M.E. Trans., vol. 47, 1925, p. 1123. 

7Geo. A. Orrok, Ibid., vol. 47, 1925, p. 1148. 

8 W. L. DeBaufre, Ibid., vol. 53, 1931, p. 253. 

9 W. J. Wohlenberg and D. G. Morrow, A.S.M.E. Trans., vol. 
47, 1925, p. 127; W. J. Wohlenberg and E. L. Lindseth, A.S.M.E. 
Trans., vol. 48, 1926, p. 849; W. J. Wohlenberg and R. L. Anthony, 
A.S.M.E. Trans., vol. 51, 1929, p. 235. 

10R. T. Haslam and H. C. Hottel, A.S.M.E. Trans., vol. 50, 
1928, p. 443. 

11 P. Koessler, Archiv fiir Warmewirtschaft, vol. 11, 1930, p. 229. 
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same temperature and the output was zero independent of 
changes in room or water temperature. 

A water-cooled copper cone served as a limiting cold screen to 
insure that the radiation falling on the surface of the thermo- 
pile was from the flame only. The cone shape was adopted to 
obtain more nearly black conditions by decreasing the possibility 
of reflection from the surface. This limiting screen was adjust- 
able to obtain variable thicknesses of flame. 

The entire assembly was mounted in a plate and refractory 
block and could be changed from one to another of the four ports 
provided in the furnace. 

The water-jacket assembly for the thermopile was hinged so 
that it could be swung back from the end of the tube. The tube 
containing the diaphragms could then be removed and a ther- 
mocouple run into the furnace for the measurement of gas tem- 
perature. 

The output of the thermopile was read on a semi-precision 
potentiometer with external reflecting galvanometer; this could 
be read to one microvolt. 

The thermopile was calibrated with water jacket and water- 
cooled diaphragm tube as a unit. This eliminated the necessity 
of making any calculations for the correction for the angle of 
vision. A graphite cylinder heated in a gas furnace was used 
as a black-body source; a thermocouple on the inside back wall 
of the body measured its temperature. A straight-line calibra- 
tion curve was obtained; the factor was 145 Btu per sq ft per hr 
per microvolt output. 

The thermopile attained full output quickly, but had enough 
lag that it ironed out small fluctuations in the flame radiation. 
Only with violet fluctuations in the flame temperature did the 
galvanometer swing so rapidly as to make accurate readings 
difficult. 


AccuRACY OF RESULTS 


The greatest weakness of this work, as it is with most similar 
work, was the measurement of the temperature. The exposed 
thermocouple was subject to gain or loss of heat by radiation, 
but shielded velocity thermocouples, although tried, were 
found, as to be expected, impossible to use with pulverized-coal 
flames because of the accumulation of ash on the wire and 
in the shielding tube. Because the temperature differences in 
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this furnace were not great and as it was not indicated that 
any other method would give enough greater accuracy to warrant 
the difficulties of use, the exposed thermocouple was used. 

The radiation from non-luminous flames consists only of the 
radiation from CO, and HO. The radiation of these gases 
has been calculated and determined by Schack" and Schmidt;!* 
therefore, a comparison of the measured and calculated radia- 
tion from non-luminous flames allows some estimation of the 
order of accuracy of the measurements. 

Table 3!4 shows a comparison of the calculated and measured 
radiation from non-luminous natural gas flames in the experi- 
mental furnace. 


TABLE 3 COMPARISON OF CALCULATED AND MEASURED 
RADIATION FROM NON-LUMINOUS NATURAL GAS FLAMES 
Heat 

input Distance Radiation 
million, Excess from -——1000 Btu per sq ft per hre—— 
Btu air, burner, Per 
Test per hr per cent ft Cale. Measd Diff. cent 
1 2.71 20 3.5 23) 23.9 0.0 0.0 
7.5 22.5 23.8 1.3 5.8 
11.5 20.05 21.0 0.95 4.7 
2 2.67 14 3.5 22.5 24.7 2.2 9.8 
7.5 21.0 24.1 st 14.7 
2 MBL 19.0 19.4 0.4 2.1 
3 2.63 4.5 3.5 22.6 23.9 1.3 5.8 
7.5 25.4 30.7 6.3 20.9 
PUES 27.7 31.0 3.0 11.9 
4 2.77 10 3.5 30.2 SOLT 0.5 1.8 
7.5 28.3 29.0 0.7 2.5 
11.5 23.1 22.3 0.8 3.7 
5 2.17 12 3.5 22.0 25.4 3.4 15.5 
7.5 19.9 23.2 3.3 16.6 
11.5 17.8 17.8 0.0 0.0 


By chance, two of the measured values agreed exactly with 
those calculated and only one measured value was less than the 
calculated. The other measured values were 2 to 21 per cent. 
higher than those calculated. The findings of other investigators 
have been similar. The average difference was 7 per cent. 
For this type of measurement this is considered excellent agree- 
ment. If we assume that the calculated values are correct, the 
probable error in the measurements should be not more than 10 or 
15 per cent. 


12 A. Schack, Zeit fiir Tech. Physik, vol. 5, 1924, p. 266. 

18 B. Schmidt, Forschungsarbeiten auf der Gebiete des Ingenieur— 
wesen, vol. 3, 1982, p. 57. 

14 R, A. Sherman, A.S.M.E. Trans., vol. 56, 1934, p. 177. 
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Discussion OF DaTa 


The data on the radiation from the flames are presented in a 
series of curves. In each figure the temperature of the gases, 
the radiation from the flame, and the emissivity are plotted in 
the lower, middle, and upper parts, respectively, against distance 
from the burner. The temperatures given are the averages of a 
number of readings across the flame and are, therefore, mostly 
lower than those shown in the previous figures which were taken 
only on the axis of the furnace. 

The radiation is that calculated from the thermopile output, 
when 34 or 35 in. of flame were included between the water-cooled 
back plate and the end of the water-cooled diaphragm tube, 
and the calibration constant of the thermopile. The emissivity 
is the ratio of the measured radiation to that of a black body at the 
temperature of the flame. 

Relation of Radiation to Type of Coal. Fig. 13 shows the 
radiation data for the four coals at similar rates of heat input, 
fineness, and excess air. The curves show that the radiation 
from the flame does not reach its maximum in the zone of maxi- 
mum temperature. For example, the maximum temperature 
with the Pocahontas coal was found at 7.5 ft from the burner, 
but the maximum radiation measured was at 3.5 ft from the 
burner. 

The slow-burning Pocahontas coal had the lowest temperature 
and radiation of the four coals, except at 11.5 ft from the burner 
where both the temperature and radiation were not greatly differ- 
ent for the four coals. 

The emissivities of the fast-burning Hocking and Pittsburgh 
coal flames were lower than those of the other two coals at the 
first two positions of measurement. The emissivity of the Illinois 
coal flame was the highest of the four at all positions. However, 
the maximum difference in emissivities at any position was 
only 0.10 to 0.15, or about 30 per cent, and the trend for all coals 
wasthesame. ‘he emissivity decreased with increasing distance 
from the burner as the carbon burned out. 

Fig. 14 shows a comparison of the temperature, radiation, 
and emissivity of pulverized Hocking coal, and non-luminous 
and semi- and fully luminous natural gas flames at similar rates 
of heat input and excess air. The luminous natural gas flames 
were obtained by injection of the gas and air in separate streams 


Emissivity or Inuinois Coat Fuamgss, VARyY- 
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(Excess air 20 per cent; 
2,650,000 Btu per hr.) 
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(Excess air 20 per cent; rate of heat input 2,700,- 
000 Btu per hr.) 


rate of heat input 


so that mixing was delayed and the hydrocarbons were cracked 
to give free carbon. The temperature curves of the pulverized- 
coal and non-luminous gas flames were similar, but the tempera- 
ture of the luminous gas flames was low near the burner because of 
slow combustion. 

The radiation and emissivity curves show that, although the 
non-luminous and semi-luminous natural gas flames had much 
lower radiation and emissivity than the pulverized-coal flames, 
yet by a design of burner to give proper cracking natural gas can 
be made to give flames which have as high radiation and emis- 
sivity as pulverized coal. 

Radiation and Excess Air. Figs. 15 and 16 show the tempera- 
ture, radiation, and emissivity of Hocking and Pocahontas coal 
flames with varying excess air. The temperature and radiation 
both increase as the excess of air decreases, as expected, except 
that the temperature and radiation were somewhat higher with 
10 per cent than with no excess air when burning Pocahontas 
coal. 

No great differences in emissivity with differences in excess air 
were found and the curves are somewhat intermingled but the 
emissivities decreased slightly with increase in excess air. 

Radiation and Size of Coal. Figs. 17 and 18 show the relation 
of the radiation to the fineness of grinding for the Illinois and 
Pittsburgh coals, respectively. Although the temperature and 
radiation did not increase uniformly with increasing percent- 
ages through 200-mesh with either coal, they were greatest 
with the finest coal. When burning Illinois coal the change in 
radiation with size of coal was greater than when burning Pitts- 
burgh coal and the emissivity of the Illinois coal flames was 30 to 
40 per cent greater with 85 per cent than with 40 per cent through 
200-mesh, whereas the emissivity changed only slightly with the 
size of the Pittsburgh coal. 

Radiation and Rate of Heat Input. Figs. 19, 20, and 21 show 
the relation of the radiation to the rate of heat input for Hocking, 
Pocahontas, and Illinois coals, respectively. The tempera- 
tures increased with the rate of firing and the radiation increased 
in about the same proportion. Consequently, the emissivity at 
any position varied within small limits and not in any definite 
relation to the rate of firing. As shown in Fig. 13 at one rate of 
firing, the radiation and emissivity of the Illinois coal flames were 
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DSTANCE FROM BURNER, FEET 


Fie. 19 TrMpERATURE, RADIATION, AND 
Emissivity or Hocxtne Coau FLAmMsEs, 
VaryIneG Rats or Heat Input 


(Excess air 20 per cent; through 200-mesh, 80 
per cent.) 


higher than those of the other two coals at corresponding rates of 
heat input. 

Variation of Radiation With Depth of Flame. As boiler and 
other furnaces may have flame depths up to 20 ft, it is desirable, 
if the data obtained in the test furnace are to be of practical value, 
to be able to calculate the radiation of flames of greater depth. 
The general expression for the relation of the radiation to the 
thickness of the flame is: 


where Q is the radiation from the flame, Qz is the radiation of a 
black body at the temperature of the flame, e is the base of 
natural logarithms, K is the absorption coefficient, and L the 


hee 


depth of the flame. 
Qs 


= pr, the emissivity of the flame, 


then 


As the radiation from these flames is that from CO., H,O, 
and solid carbon and ash particles, the absorption coefficient 


JEP LING. GFT, 
DISTANCE FROM BURNER, FEET 


Fic. 20 TEMPERATURE, 
Emissivity oF PocaHontas CoaL FLAMEs, 
VaryiInG Rats or Heat Input 


(Excess air 20 per cent; 
70 to 76 per cent.) 


Fi itl 
QSTANCE FROM BURNER FEET 


RapIATION, AND  Fia. 21 TEMPERATURE, RADIATION, AND 
Emissivity oF Inuinoris Coat FLAMEs, 
Varyine Rares or Heat Input 


(Excess air 20 per cent; through 200-mesh, 
77 to 85 per cent.) 


through 200-mesh, 


depends on the partial pressure of the CO, and H,O and on the 
concentration of the solids in the flame. As neither these nor 
the temperature of the gas are uniform across the flame at any 
position, it would not be expected that absorption coefficients, 
K, calculated from the radiation of various depths of flame, would. 
be constant. 

Table 4 shows the emissivity pr and absorption coefficient. 
K calculated for the four coals burned under similar conditions. 
for five flame thicknesses at each of the four points of measure- 
ment. The flame thickness was measured in inches for the 
calculation of K. As expected, K is not constant but the con- 
stancy increases with increasing distance from the burner as 
conditions become more uniform across the flame and, in general, 
the constancy increases with increase in flame thickness. 


TABLE’ CALCULATED a ota OF PULVERIZED ILLINOIS: 


AL FLAME 
Distance 

from burner, Depth of flame, in.—————. 
ft K 35 60 1205) 180 240 

0.5 0.036 0.72 0.88 0.99 1.00 1.00 
3.5 0.026 0.60 0.79 0.96 0.99 1.00 

7.5 0.016 0.44 0.62 0.85 0.94 0.98 
11.5 0.015 0.41 0.59 0.83 0.93 0.97 


TABLE 4 COMPARATIVE EMISSIVITIES AND ABSORPTION COEFFICIENTS FOR PULVERIZED-COAL FLAMES 


Coal Hocking Pocahontas Illinois Pittsburgh 
Heat input, 
Btu per hr 2,680,000 2,780,000 2,650,000 2,710,000 
Excess air, per cent 20 20 20 20 
Fineness, per cent— 
200-mesh coal 79.6 Tone 85 85.2 
Distance Depth Depth Depth Depth 
from burner, flame, flame, flame, flame, 
ft in. pF K in. pF K in. pF K in. pF K 
0.5 10 0.184 0.0203 10 0.254 0.0293 10 0.172 0.0189 10 0.138 0.0147 
16 0.248 0.0177 16 0.336 0.0256 15 0.283 0.0221 15 0.211 0.0159 
22 0.374 0.0212 22 0.508 0.0323 20 0.390 0.0247 20 0.193 0.0106 
28 0.586 0.0316 28 0.680 0.0408 30 0.680 0.0380 30 0.586 0.0295 
34 0.619 0.0283 34 0.721 0.0376 35 0.718 0.0362 35 0.635 0.0288 
3.5 10 0.149 0.0161 10 0.246 0.0283 10 0.168 0.0182 10 0.132 0.0143 
16 0.246 0.0175 16 0.366 0.0283 15 0.260 0.0200 15 0.199 0.0147 
22 0.348 0.0193 22 0.470 0.0344 20 0.370 0.0232 20 0.341 0.0209 
28 0.404 0.0187 28 0.530 0.0266 30 0.548 0.0265 30 0.518 0.0244 
34 0.458 0.0180 84 0.568 0.0219 35 0.601 0.0263 35 0.504 0.0200 
wed 10 0.159 0.0173 10 0.157 0.0173 10 0.156 0.0170 10 0.137 0.0147 
16 0.219 0.0147 16 0.214 0.0150 15 0.223 0.0168 15 0.182 0.0136 
22 0.270 0.0145 22 0.253 0.0134 20 0.279 0.0164 20 0.220 0.0124 
28 0.312 0.0134 28 0.315 0.0136 30 0.382 0.0159 30 0.284 0.0111 
34 0.353 0.0129 34 0.336 0.0120 35 0.435 0.0164 35 0.318 0.0108. 
11.5 10 0.147 0.0159 10 0.246 0.0284 10 0.153 0.0165 10 0.088 0.0092 
16 0.203 0.0143 16 0.285 0.0209 15 0.209 0.0157 15 0.133 0.0095. 
22 0.243 0.0129 22 0.323 0.0177 20 0.260 0.0150 20 0.185 0.0104 
28 0.290% © 0.0131 28 0.359 0.0159 30 0.353 0.0145 30 0.259 0.0094 
34 0.335 0.0120 34 0.380 0.0141 35 0.406 0.0150 35 0.320 0.0111 


FUELS AND STEAM POWER 


To be strictly correct, the emissivity at increasing flame 
depths cannot be calculated from values of K so determined. 
Flames, containing the amounts of CO, and H,0 that these would, 
probably reach their maximum radiation in the wave-length 
bands of these gases at less depth than the maximum would be 
reached for the solid particles. Therefore, the solid and gaseous 
radiation should be separated, but it was not considered that the 
accuracy of the data would warrant the complications. 

Table 5 gives the calculated emissivities for Illinois coal for 
increasing flame thicknesses using K calculated for the maximum 
depth of measurement from Table 4. For a flame thickness of 
10 ft the flame at 0.5 or 3.5 ft from the burner would be prac- 
tically black and emissivity almost 1, and at 7.5 and 11.5 ft the 
emissivities would be over 0.8. At a flame thickness of 20 
ft the flame would be practically black at all distances from the 
burner. 

Although the amount of carbon was small at 11.5 ft from the 
burner, less than 2 per cent, most of the ash was still suspended 
in the gas and this, with the CO, and H,0, gave a high emissivity 
to the flame. 

These data indicate that for flames such as these in large 
furnaces, 15 ft or more of uniform flame, the emissivities can be 
taken as 0.9 to 1.0 for the calculation of radiation. 

An outstanding conclusion from these measurements is that, 
because of the variations in temperature, radiation, and emissivity 
along the Jength of the flame, the problem of the development 
of a fundamental expression for even the over-all transfer of a 
flame is tremendously difficult and that the problem of estimating 
the transfer in different parts of a furnace is even more difficult. 
The latter problem is frequently of more importance than the 
first because the proper distribution of cooling surface in a furnace 
would necessitate a knowledge of the temperature and radiation 
characteristics in various parts of the flame. 

The data on the emissivity of the flame for various depths 
should be helpful in calculations but in addition to the emissivity 
the temperature of radiation is required. What this should be 
in a furnace where the temperature rises to a maximum and then 
falls is not easily determined. 

The value of the present results is considered to be principally: 
(1) That it has been shown that, of the factors investigated, the 
type of coal had the most effect on the radiation and emissivity 
and that the size of coal, excess air, and rate of heat input were 
of decreasing importance, and (2) that the measured values with 
their accompanying data furnish a test for the validity of funda- 
mental or empirical formulas that may be proposed. The test 
of such formulas by these data is left to their sponsors. 


SUMMARY 


The experimental investigation of the burning characteristics 
of four coals in pulverized form has shown: 
1 That the rate of decrease of unburned carbon with in- 
crease of excess air was not the same for different coals. 
The unburned carbon continued to decrease up to 30 
per cent excess air with Pocahontas coal, whereas the 
curves for Hocking coal were practically flat beyond 20 
per cent excess air 
2 That the fineness of grinding becomes increasingly im- 
portant as the combustion space is restricted and that 
the optimum limits of fineness, without regard to power 
consumption in these experiments, differed with the 
type of coal 
3 That, as shown by the above conclusions, the type of 
coal markedly influences the rate of combustion. Al- 
though the low-volatile Pocahontas coal, 18 per cent on 
moisture- and ash-free basis, was the slowest burning of 
the four coals, Illinois coal, volatile content 40 per cent, 
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burned more slowly, and Pittsburgh coal, volatile con- 
tent 44 per cent, burned only slightly more rapidly than 
Hocking coal whose volatile content was 40 per cent 

4 That increased furnace temperature increased the ap- 
parent rate of combustion of the coals 

5 That, as the difference in the rate of combustion with 
different coals and furnace temperatures was particu- 
larly marked in the early part of the combustion, the 
ignition temperature of the coal and the temperature 
in the ignition zone are indicated as important factors 
in the over-all combustion process. The need is evident 
for a method for the determination of the ignition tem- 
perature or relative ease of ignition of pulverized coal 
when actually suspended in air. 


The determination of the radiation from the pulverized-coal 
flame has shown: 


1 That, although the temperature and total radiation of 
the flame were affected by the fineness of grinding, excess 
air, and rate of firing, the emissivity of the flame at any 
position was affected to a marked degree only by the 
type of coal. The maximum differences in emissivi- 
ties at any position were only 0.10 to 0.15 or about 30 
per cent 

2 That the radiation from the suspended carbon and ash 
particles is an important part of the total radiation for 
the emissivity of non-luminous gas flame in this furnace 
was about 0.2, whereas those of the pulverized-coal 
flames were 0.7 to 0.3, decreasing as the carbon burned 
from the flame 

3 That a gas flame could be made so luminous, by inducing 
cracking of the hydrocarbons, that its emissivity could 
be made greater than that of a pulverized-coal flame 

4 That the absorption coefficient of the flame as calculated 
from the measurement of the radiation of different 
thickness of flame was not constant because of variable 
conditions in the flame, but was more constant the 
greater the thickness and the greater the distance from 
the burner 

5 That by calculation from the absorption coefficients at 
the maximum depth of measurement, the emissivities 
of Illinois coal flames in thickness of 15 to 20 ft would be 
0.9 to 1.0 

6 That the variations in temperature, radiation, and 
emissivity along the flame render the problem of de- 
veloping fundamental expressions for radiant heat 
transfer in different parts of a furnace, or even for an 
entire furnace, extremely difficult 

7 That these data furnish a test for the validity of funda- 
mental or empirical formulas for radiant heat transfer. 


Discussion 


R. M. Harperove.'® We appreciate Mr. Sherman’s having 
made available the data presented in this paper. It will be of 
real value and use provided it is not interpreted too broadly as it 
was obtained on a very specific arrangement of equipment. 
The type of burner used is probably inferior to any other being 
offered on the market today and far better and more representa- 
tive results would have been obtained if a good turbulent burner 
had been used. 

The unburned carbon loss is relatively consistent with the 
actual losses in commercial installations. Fig. 2 shows that 20 


15 Research Engineer, Fuller Lehigh Co., New York, N. Y. Mem. 
A.S.M.E. 
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per cent excess air is ample for Hocking Coal, while 25 per cent 
would be better for Pocahontas Coal. 

The effect of fineness of the coal on unburned carbon, as shown 
on Figs. 3, 4, 5, and 6, indicates that the unburned carbon reaches 
an approximate minimum at the following fineness: 


77 per cent-200 for Pocahontas coal corresponding to 3 per cent 
unburned carbon 

60 per cent-200 for Pittsburgh coal corresponding to 1 per cent 
unburned carbon 

60 per cent-200 for Hocking coal corresponding to 1 per cent 
unburned carbon 

70 per cent-200 for Illinois coal corresponding to 1.3 per cent 
unburned carbon 


The first three are consistent with actual installations, but 
Illinois coal usually gives a lower carbon loss with coarser coal 
than either Pittsburgh or Hocking coals. 

One furnace in the Chicago district, with which we are familiar, 
burning Illinois coal averages a loss in combustible in the flue 
dust of approximately 0.2 per cent. This furnace has vertical 
burners and slag tap furnaces. Other units having horizontal 
burners and water cooled hopper bottoms average about 0.4 per 
cent loss in flue dust. 

In an attempt to find a reason for this inconsistency, it was 
noted that this Illinois coal, which usually carries 11 to 15 
per cent moisture as fired, was dried to a moisture of 1.1 per cent. 
In modern direct fired installations, enough hot air would be 
used to remove the excess surface moisture only, leaving about six 
per cent inherent moisture plus one per cent surface moisture in 
the coal. 

Whether the absence of this moisture can account for the un- 
usual behavior of this coal or whether it was overheated during 
drying or in storage is difficult to say, but wé would suggest that 
tests on this coal be repeated using freshly mined coal dried only 
enough to remove the surface moisture in excess of one per cent. 
It is noted from the analyses in Table 1 that all of the coals 
contain appreciably less moisture than would usually be present 
and even lower than if dried in the usual manner for either bin 
operation or direct fired systems. 

The liberations of approximately 20,000 Btu per cu ft are all 
relatively low. With a good burner approximately complete 
combustion should be obtained with liberations 31/2 times as 
great in a furnace this size. 

The effect of furnace temperature on reducing unburned car- 
bon is well illustrated in Figs. 8, 9, and 10, where at the same 
liberation the highest furnace temperature produces the lowest 
carbon loss. The temperatures were mostly above 2200 F 
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which rather contradicts the theory that temperatures of 1600 F 
are needed for ignition and temperatures above this retard com- 
bustion. 

The relative radiation of the different coals is of interest and 
further data of this sort is greatly needed. 

It is to be hoped that the author will be able to continue this 
work with additional fuels over a wide range of liberations and 
using burners and moistures more analogous to present day 
practise. 

AvuTHOR’s CLOSURE 


The comments by Mr. Hardgrove in which he compares the 
laboratory results with actual boiler-furnace performance are 
very helpful. He has done well to warn against too broad an 
interpretation of these results as they were obtained on an ex- 
perimental furnace. 

Although the suggestion, that the low moisture content of the 
Illinois coal affected the results, may have merit, the author does 
not believe that these results are particularly questionable. It 
should be understood that the values for the unburned carbon are 
not the heat loss in unburned carbon but the percentage of the 
total carbon in the gas that appears as unburned carbon. ‘They 
must be multiplied, therefore, by the percentage of carbon in the 
coal which reduces the values somewhat. This calculation would 
not bring the results down to the low figures of 0.4 and 0.2 per 
cent that Mr. Hardgrove quotes but it must be remembered 
that there may be considerable difference among Illinois coals. 
Tenney’ has presented results on coal from the same mines which 
allow of a more accurate comparison. With 53 per cent through 
200-mesh he reports 13.2 per cent combustible in the flue dust 
when 3 to 4 sec were available for combustion. In the author’s 
test, with 56 per cent through 200-mesh the average combustible 
in the dust was also 13.2 per cent at the last point of sampling 
when only 0.4 sec was available for combustion. Values for 
other finenesses are of the same order. 

Although it would be valuable to extend the work to other 
burners analogous to commercial types the data would be of no 
more value for comparison of the burning characteristics of the 
fuel than with this simple one. Furthermore, this burner, al- 
though simple, has been shown to give as good results as the 
much more complicated varieties. 

The work should go on to a wider variety of coals but its con- 
tinuation is doubtful without support from the groups to which it 
is of particular benefit, namely, the equipment manufacturers, 
coal users, and coal producers. 


16. H. Tenney, ‘‘Pulverization and Boiler Performance.” 
A.S.M.E. Trans., vol. 54, 1932, paper no. FSP-54-7, p. 55. 
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Supersaturated Steam 


By JOHN I. YELLOTT, JR.,1 ROCHESTER, N. Y. 


Supersaturation, or the failure of steam to condense 
when the saturated condition is reached in an expansion, 
has long been a matter of interest to engineers. This 
paper presents the account of an investigation of this 
» phenomenon in which the principal objectives were the 
location of the Wilson line, which indicates the condition 
at which condensation actually occurs, and the measure- 
ment of the size of the drops which are formed when 
flowing steam condenses. Examination of the flow of 
low pressure steam through an illuminated nozzle fitted 
with a glass top revealed that the condensation process 
could be observed and that the pressure of the steam at the 
condensation point could be measured with the aid of a 
search tube. It was found that in a simple convergent- 
divergent nozzle condensation did not occur until the 


N ACCURATE knowledge of the weight of steam which 

may be expected to flow through a given nozzle area under 

varying conditions is essential in the design of steam tur- 
bines and other equipment. The flow of superheated steam can 
be estimated with a high degree of accuracy by the use of the 
Saint-Venant formula. Applying the usual formula to the flow of 
saturated or wet steam, however, with the assumption that 
condensation begins as soon as the saturation condition is passed 
in an expansion, results in a theoretical flow which may be smaller 
than the actual. This excess, at first attributed to experimental 
error, has been so conclusively demonstrated by the work of able 
experimenters that the correctness of the conventional theory of 
condensation is questionable. 

The theory of supersaturation was proposed to explain the 
phenomena involved in the flow of saturated or wet steam. It 
was suggested that steam in a rapid expansion from a dry or 
slightly superheated condition might not begin to condense when 
the saturated condition was reached, but might continue to 
expand as in the superheated region, thus becoming super- 
saturated. Such a theory explains the excess flow encountered 
in the expansion of saturated steam through nozzles. 

Flow of a fluid through a nozzle depends upon the product of 
its density and velocity at any given cross-section. The conven- 
tional theory of condensation requires that steam begins to con- 
dense when the saturated condition is passed in an expansion. 
The condensed portion of the steam gives up its latent heat, 
causing a decrease in the density of the surrounding medium. 
If the condensation should fail to occur, the latent heat would be 
retained with the result that, for a given expansion, the density of 


1 Instructor in Mechanical Engineering at the University of Roches- 
ter, Rochester, N. Y. Jun. Mem. A.S.M.E. Mr. Yellott received 
the degree of Bachelor of Engineering in 1931 from Johns Hopkins 
University after which he returned to the University for two years 
graduate work under Prof. A. G. Christie. This work consisted pri- 
marily of advanced thermodynamics under Prof. J. C. Smallwood 
and of power engineering under Prof. Christie. The research de- 
scribed in this paper was the basis of the author’s thesis for the 
degree of Master.of Mechanical Engineering received from the 
University in 1933 and was carried out under the direction of Prof. 
Christie at the Hopkins Laboratories. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Tor AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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of the Society. 


steam had reached the condition approximately repre- 
sented by the 3.5 per cent moisture line on the Mollier 
chart. The droplets which formed at that condition 
were extremely minute, their radii being of the order 
of magnitude of 6.2 X 1078 cm, and there was no evidence 
of growth during their passage through the nozzle. Ad- 
ditional experiments with nozzles of other designs led to 
the discovery that under certain conditions condensation 
could take place when the steam had reached the 2 per 
cent moisture condition, and that the droplets so formed 
grew rapidly from about 10.0 X 10~* cm to about 6.0 X 10~* 
cm in radius. It was concluded that supersaturation 
invariably occurred in the condensation of flowing steam, 
and that the superheated steam formula should be used 
to estimate the flow of saturated steam through nozzles. 


supersaturated steam would be greater than that of wet steam. 
The velocity of the supersaturated steam would be less than that 
of the wet steam because the isentropic heat drop is less for a 
supersaturated than for an equilibrium expansion. The product 
of the velocity and the density, however, is greater for the super- 
saturated than for the wet steam and hence the weight flowing 
through a given area is greater. 

The actual mechanism of condensation in flowing steam, which 
is by no means clearly understood, involves the formation of 
water droplets. The nature of formation and the size of these 
droplets is of great importance in determining their behavior, 
particularly in respect to the erosion of the low pressure blades 
in steam turbines. 

Need for further data on supersaturation in actual steam flow 
and the lack of information on condensation nuclei and drop size 
led to a two-year study in the laboratories of the Johns Hopkins 
University of the flow through nozzles of relatively low-pressure 
steam. The original object of this research was to investigate 
the condensation of steam in an effort to learn how and when it 
occurs and to discover the conditions under which supersaturation 
actually exists. It was desired to locate by experimental means 
the Wilson line which, on the Mollier chart, represents the condi- 
tion at which condensation actually occurs in expanding steam 
at the termination of the supersaturated state. 

In considering methods of attack, it appeared that Mellanby 
and Kerr (25)? had exhausted the possibilities of the weighed-flow 
analysis. The optical method used by Stodola (29) to study flow 
in nozzles and by Thomas (81) to examine moisture in steam did 
not appear to have been utilized to the fullest possible extent, 
and the possibility that drop sizes might be measured by optical 
means made this method more attractive. It was believed that, 
if the condensation point could be seen, the pressure at that point 
could be measured with a search tube and thus some positive 
knowledge of condensation conditions would be obtained. From 
this the supersaturation could be determined. 


2 HISTORICAL 


Supersaturation has been studied by many investigators. 
Aitken (1) concluded that all condensation occurred on dust 
particles as nuclei and he devised a dust counter which utilized 
this principle. 


2 Numbers in parenthesis refer to the bibliography, Appendix 3, 
at the end of this paper. 
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Von Helmholtz (18) called attention to the supersaturation of 
steam issuing from an orifice into the open air. Observing that 
electrification of the jet greatly increased the number of droplets, 
he came to the conclusion that ions usually served as nuclei for 
condensation. The extension of Lord Kelvin’s formula for the 
equilibrium pressure over curved surfaces is due to von Helm- 
holtz. 

G. T. R. Wilson (34-37), whose name is given to the line on the 
Mollier chart which marks the limit of supersaturation, investi- 
gated the nature of this phenomenon. By expanding in a glass 
chamber a sample of air or other gas saturated with moisture, he 
was able to measure the pressure at which condensation began. 
From this he deduced the supersaturation ratio by dividing the 
pressure at which condensation started by the saturation pressure 
corresponding to the temperature of the supersaturated steam. 
At —16 C, Wilson found a supersaturation ratio of 7.9, corre- 
sponding to a drop radius of 6.4 X 107-8 em. 


e y 


(«) (b) 


Fie. 1 Vapor Pressure ABOVE PLANE AND CURVED SURFACES 


J. J. Thomson (33) studied with great care the effect of ioniza- 
tion upon supersaturation and developed the theory underlying 
condensation upon ions. In general, his findings support those of 
Wilson. 

Carl Barus (4-8) likewise obtained results which substantiated 
Wilson’s. He was particularly interested in the problem of 
supersaturation as applied to meteorological phenomena. 

C. F. Powell (27), at Wilson’s suggestion, investigated with 
improved apparatus the supersaturation of saturated air at four 
temperatures. His results will be discussed later. 

A. Stodola (29), by his work with illuminated glass nozzles, 
found positive evidence of the existence of supersaturation in 
actual nozzle flow. With characteristic thoroughness he repeated 
the work of earlier experimenters and then developed the method 
of attack which is used in this investigation. He has reported 
one measurement made in this manner in his book, “Steam and 
Gas Turbines” which contains a complete presentation of the 
theory of supersaturation. 

Mellanby and Kerr (25) weighed and analyzed the flow of 
saturated steam through nozzles and concluded that, to account 
for their experimental results, supersaturation must exist. 

Using the weighed flow method, Kearton (22) studied the flow 
of mercury vapor through nozzles and showed that supersatura- 
tion occurred during that process. The limitations of this 
method prevented him from placing a definite value upon the 
supersaturation to be expected with mercury. 

Supersaturation has also been studied from purely theoretical 
considerations. Maxwell (24), discussing the Thomson iso- 
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thermal, first suggested the possibility of a supersaturated state 
for steam. 

Sir William Thomson, Lord Kelvin (32) gave a theoretical 
foundation to supersaturation when he derived the relation 
between the vapor pressures above a curved and a plane liquid 
surface. His equation is the basis of all supersaturation calcula- 
tions. 

H. L. Callendar (9-11), studying the so-called missing quantity 
in reciprocating steam engines, concluded that supersaturation 
could account for at least a portion of that quantity. He dis- 
cussed supersaturation at length in several publications and in his 
book, “The Properties of Steam.” 

H. M. Martin (23) brought the subject of supersaturation to 
the attention of engineers by his paper, ‘‘A New Theory of the 
Steam Turbine.” He assumed that condensation always results 
in droplets of the same size. On this basis he applied Callendar’s 
value of the droplet radius to the von Helmholtz equation, 
making allowance for the variation of surface tension with 
temperature and estimated the supersaturation ratio which 
might be expected at any temperature. From these data, using 
the Callendar equations of state, he calculated the properties of 
steam for the conditions under which condensation should occur. 
His results, plotted on the Mollier chart, form the line to which 
he gave Wilson’s name. 

Goodenough (16) presented a thorough discussion of the theory 
of supersaturation and its effects and then, doubting the validity 
of the theory, proceeded to show that the same effect of increasing 
the flow over the calculated value could be produced by the 
presence in the steam of small water particles. His article is of 
particular interest for its exposition of the effect of water droplets 
upon velocity coefficients of nozzles. 


3 THEORY OF SUPERSATURATION 


Supersaturation is based upon the fact that the vapor pressure 
of a liquid at a given temperature is greater above a curved than 
above a plane surface. This can be understood by referring to 
Fig. 1 where (a) shows a molecule, z, ona plane liquid surface, which 
is attracted by all of the molecules of the liquid within the hemi- 
sphere of radius p, the distance over which the molecular attraction 
may be assumed to act, and (b) shows a molecule, y, on a curved 
surface, which is attracted by fewer molecules than x because 
those molecules in the solid area are no longer present. At the 
same temperature, then, molecule y will be tied less securely to 
the surface than will z, and conversely a greater pressure in the 
surrounding atmosphere will be required to force y to remain on 
the surface. In other words, the vapor pressure in case (0) is 
greater than that in (a). Thus a water droplet, if sufficiently 
small, will evaporate if placed in an atmosphere of saturated 
steam. If, however, the vapor is supersaturated or at a pressure 
greater than that corresponding to the temperature, equilibrium 
can exist between the vapor and the droplet when the pressure of 
the vapor is equal to the vapor pressure of the droplet. The 
conditions necessary for equilibrium between vapor and droplets 
were investigated by Lord Kelvin (32) and a formula to express 
these conditions was derived by von Helmholtz (18). 

Lord Kelvin’s equation evaluates the change in vapor pressure 
of a liquid caused by a change in the curvature of its surface. 
Fig. 1(c) shows the assumed conditions. A capillary tube of 
radius r is inserted into a liquid of which y is the surface tension in 
lb per ft. The whole is enclosed in a vessel so that only the liquid 
and its vapor, both at temperature 7’, are present. If the liquid 
does not wet the tube, it will be depressed due to capillary action 
to a level below that of the plane surface of the remaining liquid 
in the vessel. The surface of the liquid in the tube may be 
assumed to be a hemisphere of radius 7. The distance of the 
meniscus below the level of the liquid is H, and P and p: are the 
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pressures in the liquid and the vapor, respectively, at the menis- 
cus, 


ATE ny Dp TON Vide cee ee es eee ee {1] 


_ Rearranging and eliminating zr, 


When the concavity is downward r is assumed to be positive. 
Due to the difference in elevation, H, the pressure of the vapor, p, 
at the curved surface in the tube must be greater than that at the 
plane surface. The vapor, however, must be in equilibrium with 
both the curved and the plane surfaces; otherwise perpetual 
motion would result. Therefore, denoting by Po and po the 
pressure in the liquid and in the vapor, respectively, at the 
plane surface, 


If v is the specific volume of the vapor, the difference in pressure 
due to the difference in elevation will be 


Likewise, if V is the specific volume of the liquid, the difference 
in the liquid pressures will be 


We wish now to solve for p — po, the change in vapor pressure 
caused by the curvature of the surface. 
Combining [3] and [4] and eliminating H, 


V 
ae el Ce eksreteesheys, cite) si elaa [5] 
Inverting [3] and [4] and subtracting, 
TNO ay 1 
H = =, pie ae. pet so {6] 


and recalling from [2] that Po = po, 
| ey 


One P—P.—p + Po iF [6a] 
H (p — po) (P— Po) (p — Po) (P — Po) 


H 
Si P—P.) ==, 
ince ( ) Vv 


ti 
V P— Po 


Substituting [la] in [7], we have the desired relation: 


(P= SS SS awn cobboo gears [8] 
Thus, for equilibrium to exist, the pressure of a vapor containing 
drops of radius r must exceed the vapor pressure of the drops by 

2Vy 
rv — V) 

The equation first derived by von Helmholtz expresses the same 
relation in more convenient form. Referring again to Fig. 1(c) 
and Equation [2], we may define the pressure of the vapor at the 
plane surface, po, as the saturation pressure at temperature T’, ps. 
Rearranging Equation [la] ard subtracting ps from each side of 
the equation, we have, 


, which may be very large if r is sufficiently small. 


2 
Poh a PP aletelieveletsie.s).s {9] 
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since ps = Po by definition and po = Po 
Equation [9] can now be written: 


2y es Zs 
a ‘fl dp = Hi, ighielg) Rael [9a] 
r Ps Po 


Consider an elementary section, dH, on Fig. 1(c). 


dH 
of the liquid pressure dP = ae D dH, where D, the density of 


The increase 


1 
the liquid, equals v The increase of the pressure of the vapor, 
_ dH 
v 


D 
dP = DdH, and dp = ddH,sodP = re dp. Substituting in [9], 


dp = D dH, where d is the density of the vapor. Thus 


we have: 


2 > Dd A PD 
“tend aioyl p= f (2-1) ae..0 
r ps Ds ps \d 

D 


In general, d is very small compared to D, and q is so large com- 


pared to 1 that without serious error we may omit the product 
1 X dp. Likewise, over a small range, D may be taken as a 
constant, so we have: 


Assuming that the perfect gas relationships are applicable to 


this case, 
1 RT 
pv = RT and = =v = — 
d Dp 


Equation [11] can now be rewritten and integrated: 


2 Pd 
t= RED. i 2P _ RTD log. (2) S Pres 12] 
r ps Pp Ds 


which we may express as: 


iD Nees ba 
loge (2) RTDr lO Ges tee ee {13] 


where p denotes the pressure in equilibrium with the drop of 
radius r at temperature 7’, and ps is the saturation pressure at 
that temperature. This is the fundamental supersaturation 
equation of von Helmholtz. 


The ratio z denoted by the symbol S, is known as the super- 
Ps 


saturation ratio. Equation [13] gives the relation which must 
exist between the actual pressure and the saturation pressure at 
the existing temperature if a drop of radius r is to be in equilibrium 
with the vapor about it. If this ratio is lowered, the droplet will 
evaporate. If it is raised, the droplet will grow. 

It will be seen from Equation [13] that the logarithm of the 
supersaturation ratio varies directly with the surface tension and 
inversely with the absolute temperature and the radius of the 
drops. Surface tension decreases with increasing temperature 
and finally vanishes at the critical condition. Thus there can be 
no supersaturation at the critical condition. Conversely, surface 
tension increases with decreasing temperature and the super- 
saturation ratio for a given size of drop increases as the tempera- 
ture is lowered. 

Equation [13] also indicates the need for a nucleus upon which 
condensation can oceur. If r is made very small, S must be very 
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large and finally, in the limiting case, when r = 0, Su on manus 
in order for a pure vapor to condense, there must be some nucleus 
of finite radius. 

The search for such a nucleus motivated early workers in this 
field. Aitken at first concluded that dust particles always 
served as nuclei, but he rejected this conclusion upon finding that 
condensation occurred with filtered, dust-free vapor. Von 
Helmholtz believed that ions were the nuclei upon which con- 
densation took place. 

G. T. R. Wilson found three distinct types of nuclei. Working 
with air saturated with moisture, he found that a small expansion 
caused condensation upon the relatively large particles of dust 
which were present in the air. With dust-free air he discovered 
that at a higher expansion ratio condensation occurred upon 
ions. Wilson’s “cloud chamber,” well known to physicists, is 
based on this feature of the phenomenon. He was able to trace 
the path of ionizing rays by causing them to pass through an 
illuminated chamber and photographing their tracks, which are 
droplets of water condensed upon the ions formed by the ray. 


Fic. 2 Apparatus USED IN INVESTIGATION 


With air freed both of dust and of ions, Wilson found that a 
sufficiently high ratio of expansion would invariably cause a 
heavy condensation in the form of innumerable very small drop- 
lets. The nuclei responsible for this ultimate condensation, 
investigated at great length by Barus (6-8), were seemingly 
inexhaustible, and appeared to form an essential part of the water 
vapor, for they could not be removed by any process. The 
conclusion reached by both Barus and Wilson was that these 
nuclei are associated or agglomerated molecules. 

Callendar (9-12), assuming that the time interval in the flow of 
steam through nozzles is too small to allow condensation to occur, 
used Wilson’s value of 7.9 for the supersaturation ratio at 300 C, 
abs, in the von Helmholtz equation, and obtained 5.0 X 107% em 
as the radius of the droplets formed when condensation takes 
place. The Wilson line, in his opinion, approximately coincided 
with the 3 per cent moisture line on the Mollier chart. Martin’s 
original Wilson line lay between the 3 and 4 per cent moisture 
lines. 

Powell’s calculations resulted in a droplet radius of 6.4 X 107 
em, and his version of the Wilson line falls along the 2 per cent 
moisture line. 

While the existence of supersaturation has been demonstrated 
by the work of the authorities mentioned above, a supersaturation 
limit, or Wilson line, based on theory alone is not acceptable. 
There are so many uncertain variables in the von Helmholtz 
equation and so many assumptions in its derivation that the 
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validity of results based upon it is open to question. An experi- 
mental investigation of the condensation conditions is therefore 
necessary to determine the actual supersaturation limit, and the 
following sections record such an investigation. 


4 DESCRIPTION OF THE APPARATUS 


The apparatus, Fig. 2, was designed to provide a nozzle with a 
transparent side through which the expanding steam could be 
observed with the aid of an intense beam of light passing axially 
through the nozzle. Observation at right angles to the illumi- 
nating beam was essential because, in this way otherwise invisible 
details could be seen as in the ultra-microscope. Referring to 
Fig. 3, steam entered through the main valve A and passed 
through a 2-in. line into the superheater, B, consisting of a 6-in. 


Fig. 4 Derraits or Nozzup Drsign 


steel pipe within which was placed a copper coil supplied with 
high-pressure steam through valve C. Evaporation of the 
entrained moisture in the entering steam was the principal 
function of the superheater, but it could also be used as a de- 
superheater by closing valve C and the drain valve, and opening 
valve D, admitting to the coil cold water which was discharged 
to the sewer. 

Steam passed from B into the tee, F, which had at one end a 
glass port, EZ, and at the other the nozzle assembly, G, shown in de- 
tailin Fig. 4. In the side of F (Fig. 3) was inserted a standard 
thermometer well which was provided with a mercury-in-glass 
thermometer to determine the temperature of the incoming 
steam. 


The nozzle, rectangular in cross-section, was formed by two 
polished brass blocks bolted to the sides of a cast-iron channel. 
The glass plate which constituted the top of the nozzle was 
clamped tightly to the channel, with rubber gaskets above and 
jbelow to prevent leakage. Fig. 5 shows the dimensions of the 
_ several nozzles used in the experiments. 

The inlet pressure was measured by a Bourdon gage or a 
mercury manometer. The pressure connection, a 1/s-in. hole, 
was located at the center of the bottom of the channel, 1 in. above 
“the throat of the nozzle. The steam from the nozzle passed 
‘through a second tee into a 2-in. line leading to a condenser in 
which a vacuum of 25 in. of mercury could be obtained. Valves 
in the discharge line permitted the back pressure to be raised to 
any desired value. 


S No. 2B. Bled 
‘Brass Plate 
be —---—----- —44g——---—-—---- > 
Sa No.3. 


Fic. 5 Drwensions or Nozzup BLocks 


The static pressure of the steam at any point along the axis of 
the nozzle could be measured with the aid of a brass search tube, 
of 0.125 in. inside diameter and 0.189 in. outside diameter. The 
steam pressure was transmitted through six holes, 1/3:-in. in 
diameter, in the form of a piezometer ring, located about 14 in. 
from the end of the tube. The search tube was soldered to a 
larger tube which passed through a stuffing box and was con- 
nected by means of flexible rubber tubing to a Bourdon gage and 
a mercury manometer. A hand-wheel and screw permitted the 
search tube to be moved along the axis of the nozzle, and the 
location of the pressure measuring holes could be found by a 
scale on the frame. To prevent vibration, the steam end of the 
search tube was held in place by a guide at the high pressure end 
of the channel. The back pressure was measured by a mercury 
manometer connected to a !/s-in. hole in the bottom of the 
channel beyond the nozzle mouth. 

Illumination was provided by a carbon are, the light from which 
was concentrated by a pair of lenses and introduced through the 
port E (Fig. 3) along the axis of the nozzle. Usually a screen was 
used to keep the light from hitting the bottom of the nozzle, and a 
blue filter could be interposed between the are and the nozzle if 
needed. When full illumination was desired, the search tube 
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was removed and in its place was installed a glass port through 
which the light from a second arc entered. This light could be 
focussed with a concave mirror into a sharp beam to study one 
portion of the nozzle or into a broad ray to illuminate it com- 
pletely. 

The pressure gages, calibrated frequently during the course of ° 
the work, could be read to within 0.5 Ib per sq in. The probable 
error in the absolute pressure measurements thus varied between 
0.84 per cent for low pressures and 0.35 per cent for high pres- 
sures. The mercury manometers were made of glass tubing 0.25 
in. in diameter, mounted on varnished wood. The scales were 
made of portions of graph paper fastened to the wood and 
varnished to minimize the effect of humidity. The height of the 
columns could be read with an accuracy of 0.05 in., the probable 
error varying from 0.5 to 0.1 per cent. Correction was made for 
the water which condensed in the tubes by allowing 13.6 in. of 
water per in. of mercury. The barometric readings, obtained in 
an adjacent laboratory located about 10 ft above the apparatus, 
were not corrected for this difference in elevation, nor for the 


Fig. 6(a) 


Fig. 6(b) 


Fic. 6 Fiow Turoves Nozzip No. 1 


[a (upper)—Ilumination confined to plane of search tube. b (lower)— 
Search tube in place. Entire cross-section illuminated. Initial conditions: 
30 lb per sq in. gage, 300 F, 16 lb per sq in. abs back pressure. | 


changes in room temperature, for such variations are of a small 
order of magnitude and have no significant effect. 

The thermometer was tested and found to be correct within 
0.5F. It could be read to within 0.5 F by means of a magnifying 
lens attached to it. ‘The maximum probable error in the tem- 
perature measurements was thus 1.0 F in 300 or 0.33 per cent. 


5 Mersop or MEASURING THE SupERSATURATION RaTIO 


Supersaturation cannot be measured directly but must be 
calculated from an observed condensation pressure. Attempts 
to measure the temperature of supersaturated steam will fail 
because such steam will condense on any surface and a ther- 
mometer placed in such an atmosphere will immediately become 
covered with a thin film of moisture. The temperature of 
saturated steam at the existing pressure will thus be obtained. 

When the apparatus was put into operation it was found that 
the intense light from the are enabled the condensation point to 
be observed. The entering steam, superheated by throttling 
from the boiler pressure, was quite transparent and the occasional 
drops of entrained moisture were easily seen. When condensa- 
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tion took place, however, the are light was scattered by the great 
number of very small drops which formed in the steam, and a 
dense bluish mist was visible. As shown in Fig. 6(a), condensa- 
tion occurred along a relatively sharp curved line which bore a 
marked resemblance to the constant pressure lines in nozzles 
shown by Stodola (29). There was a distinct and unmistakable 
change in appearance from the transparency of the dry super- 
saturated steam to the blue cloud which indicated the presence 
of minute water droplets. The incident light was scattered 
rather than reflected or refracted, and the only color to be seen 
was the blue which is characteristic of the light scattered by very 
small particles. 

In determining the condensation pressure, the apparatus was 
allowed to run until it was thoroughly warm and the entering 


ENTHALPY 


ENTROPY 


Fie. 7 Section or Ravisep Mouiipr CHart 
(Used in determining condensation point.) 


steam quite dry. A pressure traverse of the nozzle was then 
made by means of the search tube. When the piezometer ring on 
the search tube reached that portion of the nozzle in which 
condensation was occurring, the are was turned on and the 
experimenter was able to estimate by visual observation the 
point at which the search tube left the supersaturated region and 
entered the wet. The static pressure at that point was assumed 
to be the condensation pressure. When the traverse was com- 
pleted the condensation region was reexplored several times to 
check the pressure determination. The pressures thus obtained 
were plotted against nozzle length as in Fig. 8(a). The resulting 
curves resemble those shown by Stodola and by Mellanby and 
Kerr. 

The method of determining the condition of the steam at the 
condensation point is based upon the assumption that the ex- 
pansion through the throat of the nozzle is isentropic. This is 
not strictly true, for some losses are present, but those which 
occur before the throat is reached are small. It will be seen 
from Figs. 8(a) and 8(b) that the expansion to the throat of the 
nozzle used in this work Was rapid and continuous. The fluctua- 
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tions in pressure, which are responsible for a large part of the 
losses, occur after the condensation point has been reached. 
It is probable, therefore, that the losses to the condensation point 
do not at the most exceed 1 or 2 per cent of the isentropic enthalpy 
drop. 

If isentropic expansion is assumed, the condition at the con- 
densation point can be estimated from the Mollier chart by 
following the entropy line on which the initial-state point of the 
steam is located. The condensation condition is the intersection 
of that entropy line and the line representing the pressure at 
which condensation is observed. Since the conventional Mollier 
chart is based upon equilibrium conditions, the supersaturated 
condition cannot be represented correctly upon it. For this 
reason a revised Mollier chart was prepared in the manner 
described in Appendix 2. Fig. 7 is a portion of this chart plotted 
on a large scale and shows the method of locating the condensa- 
tion point. Point 1 is the initial condition, determined by 
measuring the pressure and temperature of the incoming steam. 
Line a-b is the conventional wet steam line in thermal equilibrium 
for the pressure p- at which condensation is observed and A-b 
is the supersaturated line for the same pressure. 

Steam expanding isentropically from point 1, crosses the 
saturation line at point S but remains dry and supersaturated 
until it reaches a condition represented by point A on the super- 
saturated pressure line. At that point condensation takes place 
and thermal equilibrium is almost instantaneously restored. 
This action is represented by the constant enthalpy line A-B. 
The condition of the wet steam is thus represented not by point A 
or a, but by point B. If the expansion is not exactly isentropic, 
the friction and other losses will reheat the steam and raise 
slightly the enthalpy of point B. 

It is evident that in a given expansion there is a distinct loss in 
availability because of this isenthalpic change from the super- 
saturated to the wet condition. If H is the isentropic enthalpy 
drop from the saturation line to the wet steam line a-b, AH is the 
portion rendered unavailable because of the increase in entropy 
attendant upon condensation. It will be shown later that 
condensation takes place between the 3 and the 4 per cent mois- 
ture lines and for this condition the loss in availability remains 
sensibly constant at about 2 Btu. Since the isentropic enthalpy 
drop from the saturation line to this condition is approximately 
50 Btu, the loss in availability amounts to some 4 per cent of that 
enthalpy drop. This loss probably has an important bear- 
ing on the nozzle efficiencies’ being lower with wet than with 
superheated steam. In turbine practise the supersaturation loss 
is usually covered by the assumption that stage efficiencies are 
lower in the region below the saturation line than in the super- 
heated region. The usual allowance is 1 per cent decrease in 
efficiency for each per cent of moisture in the steam. 

Martin’s original definition (23) indicates that he intended the 
Wilson line to represent the condition of supersaturation at 
which condensation must occur in an expansion, that is, point A 
in Fig. 7. Since this requires a Mollier chart upon which the 
supersaturated pressure lines are present, it seems advisable to 
change this definition slightly, because the designer usually has 
at his disposal only the conventional chart. The Wilson line is 
therefore the loci of the points which indicate the condition of 
steam when condensation has just occurred, and when thermal 
equilibrium is reestablished at the limit of supersaturation, as B 
in Fig. 7. 

Since the supersaturation ratio is defined as the ratio of the 
actual pressure at a given temperature to the saturation pressure 
at that temperature, it is necessary to calculate the temperature 
of the supersaturated steam at the condensation point. This 
may be done by using the thermodynamic relations for super- 
heated steam. If the subscript 1 is used to denote the initial 
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conditions, and n = 
superheated steam, 


1.3 is the index of isentropic expansion for 


pw” = pu” Ree hoe nes aren terme eine te {14] 
yn = RT. 

~ id esis Rd Fabt eben oy): [14a] 

ra a em teehte tlt Parent (15] 


_ where p, v, and T are the conditions of the supersaturated steam 
' at the condensation point. Combining [14] and [15], we have 
the well-known isentropic relationship: 


If T;, pi, and p are known, the temperature at the condensation 
' point can be calculated from [16], and the pressure ps corre- 
sponding to that temperature can be found from the steam tables. 
Substituting for n, [16] reduces to: 


A sample calculation follows: 
Initial pressure = 64.7 lb per sq in. abs 
Initial temperature = 303.0 F 762.6 abs 
Observed condensation pressure = 34.2 lb per sq in. abs 


Then 
p Dp 0.231 
(®) = 1.901, and @) = 1.159 
Pp p 
7 227626 
TFeiirg Suse 
and 


t = (658.0 — 459.6) = 198.4 F 


From Keenan’s steam tables, the pressure p: corresponding to 
198.4 F is 11.15 lb per sq in. abs so that the supersaturation ratio 

34.2 

S = —— = 3.05 

11.15 
When the supersaturation ratio has been calculated for a given 
observation, it becomes possible to apply the von Helmholtz 
Equation [13], to estimate the radius of the droplets formed when 


condensation occurs. Thus: 
2 
eyes hii: ah al GL oe Memos 18 
sa FRDT s ig 
D = density of water at temperature ¢ = 60.1 Ib per cu ft 


at 198.4 F 
R = gas constant for superheated steam = 
T = absolute temperature, F = 658.0 
y = surface tension of water at 198.4 F = 4.13 * 107? lb 
per ft (see Fig. 10). 
Then, for S = 3.05 


= 2X 4.13 X 1073 
1.1151 X 658.0 X 60.1 X 86 
= 2.11 X 10-°ft = 6.4 X 10-§cm 
The value thus obtained for the effective radius of the drops 


formed in condensation is in close agreement with those found by 
Wilson and Powell. 


86 (approx.) 
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6 Tue EXPERIMENTAL WORK 


After it had been found that the condensation pressure could 
be measured with reasonable accuracy, the first feature to be 
investigated was the variation of that pressure with varying 
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initial conditions. Using a simple convergent-divergent nozzle 
form, No. 1 in Fig. 5, a series of measurements was made in the 
manner outlined in Section 4. Inlet pressures varied from 11.0 
to 75.0 lb per sq in. abs, the range in which turbine condition 
curves usually cross the saturation line on the Mollier chart. 
Above the latter pressure the incoming steam was too wet for 
satisfactory observation, and it was undesirable to subject the 
glass plate to unnecessary stress. 

Figs. 8(a) and 8(b) show typical results of the observations 
with absolute pressures plotted against position along the nozzle 
axis. In these curves it will be seen that, at the point where 
condensation occurs, there is an abrupt halt in the fall of pressure. 
After the condensation point is passed the expansion continues 
as before. This unexpected feature was at first dismissed as an 
error in the manometer reading but it was repeated with such 
consistency that it must be accepted as an actual occurrence. 
A similar irregularity in the pressure-expansion curve was 
noticed by Prof. C. A. Robb in his work on recompression in 
nozzles, carried out at the Johns Hopkins University in 1931-382, 
but not yet published. The phenomenon was attributed by him 
to roughness in the nozzle wall, but this is improbable because the 
irregularity always coincides with the condensation point, and 
does not remain at the same spot in the nozzle when the pressure 
conditions are varied. It is probably due to the fact that the 
rapid increase in the specific volume of the steam, caused by the 
liberation of the latent heat of the condensed moisture, is not 
compensated by the increase in velocity and so must result in an 
increase in pressure, or in sustained pressure with increasing 
nozzle areas. 

The pressure-distance curves, Figs. 8(a) and 8(b) show that the 
steam invariably over-expands and then recompresses to the back 
pressure. When in recompression the steam reached the pressure 
at which condensation originally occurred, a dark spot appeared 
in the nozzle, as in Fig. 13(a), to be followed once more by the 
familiar blue of the scattered light if the pressure again fell below 
the condensation value. The cause for such dark spots was the 
absence of droplets in the dark region. This disappearance of the 
droplets when the steam pressure was raised 
above the condensation value is evidence 
in favor of the supersaturation theory, which 
contends that droplets of a given size can 
exist only when the actual pressure of the 
surrounding vapor exceeds by a certain 
amount the saturation pressure of the liquid 
for the existing temperature. When this 
excess is not present the droplets should 
evaporate, and they apparently do so. 3 

The test shown in Fig. 8(b) was performed 
to study the effect of variations in the back #4 
pressure, the inlet pressure remaining fixed 
at 34.8 lb persq in. abs. In curves Nos. 1, 
2, and 8, in which the back pressure was be- 
low 20.0 Ib per sq in. abs, condensation oc- 
curred at the same point in the nozzle and at 
the same pressure, 13.9 lb per sq in. abs. 
The abrupt halt in the fall of pressure at the 
condensation point is evident. In curve 
No. 3, the recompression reached the con- 
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sections of the nozzle were illuminated by the use of a narrow slit 
through which the light entered the nozzle. The center of the 
nozzle seemed to be at a higher pressure than the outer portions 
so that condensation could exist in the outer sections of the steam 
while the central part might be transparent and hence devoid of 
condensation. This was a source of error which had to be guarded 
against because, if the entire cross-section of the steam were 
illuminated, the condensation might appear to be continuous, 
whereas in reality, the central portion at which the pressure was 
being measured might be quite free from condensation. In order 
to be sure that condensation was actually occurring at the point 
where the search tube was measuring the pressure, a slit was used 
to confine the light to the vicinity of the search tube. Fig. 6(a) 
shows the illumination confined to the search tube section, with 
the search tube and the pressure holes clearly visible. Fig. 6(6) 
shows the effect of illuminating the entire cross-section of the 
nozzle, with the search tube almost hidden by the mist. 

With nozzle No. 1, condensation appeared as a blue mist, and 
the blue color was maintained throughout the length of the 
nozzle, which indicates that there was no growth of the droplets 
during their passage. If growth had occurred, the blue light 
would have changed in color toward the red, and the intensity of 
the scattered light would have increased. 


TABLE 1 SUMMARY OF RESULTS OF TESTS ON NOZZLE NO. 1 
Test D, Cond r X 105, 
Point no. abs ty pres ts S em 
A 50-1 64.7 303 34 198.4 3.05 6.69 
B 45-2 59.7 297 31 190.4 3.29 6.39 
Cc 40-2 54.8 292 29 188.4 3.22 6.57 
D 35-2 49.7 307 22 176.4 3.17 6.86 
E 30-2 44.7 303 18.7 164.4 3.56 6.46 
F 25-4 39.7 302 16.1 158.4 3.54 6.58 
G 20-2 34.7 309 11.5 135.4 4.49 5.90 
H 15-2 29.7 286 11.9 144.4 3.69 6.63 
I 12.5-1 27.3 295 9.4 128.4 4.31 6.19 
J 11-1 25.9 295 8.75 126.4 4.34 6.24 
K 5-3 20.0 289 6.3 113.4 4.54 6.25 
L 2.7-1 17.5 295 5.3 112.6 3.89 6.97 
M 0-1 14.4 270 4.4 94.4 5.51 5.87 
N 0-3 12.8 285 3.3 84.4 5.64 5.95 
oO 0-2 11.3 283 2.9 82.4 5.30 6.17 
8 Stodola 71 Sat. 38.2 303 3.1 as 
1200 
(2 
21 
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densation pressure and the droplets re- 
evaporated. Incurve No. 4, the back pres- 
sure was so high that the condensation 
pressure was not reached and no condensa- 
tion was seen. 

The pressure along a vertical section 
through the nozzle did not, appear to be con- 
stant. This was noticeable when different 
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Entropy. 


Fie. 9 Witson LIne 
(From tests made on nozzle No. 1.) 


The data from the tests on nozzle No. 1 are tabulated in Table 
1, which also contains the results of the calculations of the super- 
saturation ratio and the droplet radius for each condition. On 
Fig. 9, a revised Keenan Mollier chart, the condensation points 
found with nozzle No. 1 are located in the manner described in 
Section 4. The condensation points lie between the 3 and 4 per 
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_ cent moisture lines, and the line which is faired through them will 
| be referred to as the Wilson line. Point S at the high pressure 
end of the Wilson line is the point found by Stodola. 

It may be objected that there is a possibility of condensation 
occurring in droplets too small to be seen. This is improbable, 
because particles of any finite size, including molecules, scatter 
light to a noticeable extent. The scattering of light by steam 
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molecules was studied to establish this point and it was found by 
another experiment that a beam of concentrated are light could 
be plainly seen in an atmosphere of superheated steam, just as a 
searchlight beam can be seen in the sky at night. The scattered 
light was dark blue in color, and, although faint, was bright 
enough to be visible against a black background. Whenever a 
drop of water crossed the beam, the light scattered by it stood 
out with great intensity. From this experiment, as well as from 
the work of many physicists (50) it may be concluded that any 
droplets resulting from condensation will be visible. 

In Fig. 11 the supersaturation ratios at various temperatures 
are plotted against those temperatures. A mean value of the 
drop radius in Table 1, calculated by the von Helmholtz equa- 
tion, is about 6.2 X 10-8 em, which agrees with the values of 
Wilson, Powell, and Stodola. If this value is substituted in 
Equation [13], we have: 


6.2 X 1078 
1D) SEBS 
a work 2.54 X 12 


Taking the proper values of y, the surface tension, from Fig. 10, 
and of D, the water density, from Keenan’s steam tables, and 
solving for S at various temperatures, curve (Y) in Fig. 11 is 
obtained. This curve is a fair representation of the experimental 
points, since as many lie above the curve as below it, and a 
reasonable number lie directly on it. Curve (P) presents data 
obtained by Powell in his experiments, and curve (M) values 
derived by Martin from his substitution of Callendar’s value of r 
in the von Helmholtz equation. The results of the present 


Fig. 12(a) 


Fig. 12(b) 


Fig. 12 Firow THrouGH Nozzue No. 1 


{a (upper)—Photographed through a Nicol prism, showing photoelastic 

effect. Initial conditions: 41 lb per sq in. gage, 290 F, 18 lb per sq in. abs 

back pressure. 6 (lower)—Prism turned slightly to show strain lines near 
throat. Conditions same as in case (a).] 


investigation lie between those of Martin and Powell. The 
Wilson line, plotted in Fig. 9, also lies between their versions of 
the line and is closer to that of Martin. 

A drop radius of 6.2 X 10-* cm, while only approximate, is of 
a reasonable order of magnitude. The nature of the light 
scattered by the droplets is evidence in favor of a very small 
droplet size. (The optics of small particles is presented briefly 
in Appendix 1.) The intensity of the scattered light is sym- 
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metrical, resembling that shown in (a), Fig. 20. The light scat- 
tered at 90 deg to the incident light is completely plane polarized. 
The color of the scattered light is sky-blue. These three facts 
definitely associate the droplets with Rayleigh’s theoretical 
infinitely small dielectric spheres. 

Scattered light of this character can come only from particles 
whose radius is many times smaller than the wave-length of the 
light which falls upon them. It can only be estimated how 
much smaller they are than that wave-length, but the character 
of the scattered light suggests that the wave-length is from 100 to 
1000 times as great as the radius of the drops. Assuming 6.0 
10-* em as an average value of the wave-length of are light, the 
optical evidence indicates that the radius is in the neighborhood 
of 6.0 X 10-% em, which is in good agreement with the value of 


Fig. 13 (a) 


Fig. 13(6) 


Fic. 13 Frow TxuroucH Nozzir No. 1 
[a (upper)—Completely illuminated; dark bands indicate recompression 


above condensation pressure with evaporation of droplets. Initial condi- 

tions: 20 lb per sq in. gage, 287 F, 15 lb per sq in. abs back pressure. 

b (lower)—Photographed after pressure raised to 35 lb per sq in. gage, 23 

Ib per sq in. abs back pressure. Steam flow breaks away from one side of 
nozzle and continues down the other.] 


the radius as calculated from the von Helmholtz equation. A 
reasonable figure for the radius of the droplets formed by the 
condensation of steam in a rapid expansion is therefore 6.2 X 
10-8 cm or 2.03 X 107° ft. 

The polarization of the scattered light gives rise to another 
interesting phenomenon. Since the glass plate which forms the 
top of the nozzle is under strain, stresses result, and the glass be- 
comes doubly refractive, assuming photoelastic properties. 
Thus if the scattered light is observed through a Nicol prism, 
brilliant colors are visible, corresponding to the stresses in the 
glass. Figs. 12(a) and 12(b) were taken through a large Nicol 
prism, and, although the colors cannot be distinguished, dark 
lines can be seen which represent strains in the glass. These 
strain lines are probably caused by standing waves in the steam. 

Several interesting features of steam flow were discovered 
with nozzle No. 1. Recompression and the breaking away of 
the jet from the nozzle walls, predicted by Stodola (29, p. 98), 
were seen and photographed. In Fig. 13(a) the steam breaks 
away from both sides of the nozzle during recompression, and then 
reexpands to fill the nozzle, while a second recompression is 
evidenced by a second dark band. In Fig. 13(b) the steam 
breaks away from the sides, but instead of returning to both 
walls, it continues down one side. This condition was very 
unstable, the jet alternating rapidly from one side of the nozzle 
to the other. 

The observation of liquid water in steam was fully discussed 
by Thomas (31) and His work is substantiated by this investi- 
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gation. It is possible to see drops of water in flowing steam and 
the absence of moisture can be detected by the transparency of 
the steam. ‘The light scattered by the steam molecules is so 
faint that it can be seen only against a perfectly black background; 
hence dry steam appears transparent. The moisture entrained 
in the entering steam appears as relatively large drops, a few 
hundredths of an inch in diameter. As the steam is accelerated 
through the nozzle, however, the large drops are broken up into 
much smaller droplets in the manner explained by Soderberg 
(28). This feature was not fully investigated in the present 
research and Soderberg’s paper suggests an interesting problem 
which could be attacked profitably with the methods used in this 
work. 

Summarizing the results so far presented, it is very improbable 
that any condensation will occur in the expansion of steam 
through a convergent-divergent nozzle of the type used in these 
tests until the steam has reached the condition approximately 
represented by the region between the 3 and 4 per cent moisture 
lines on the Mollier chart. When this region is reached, con- 
densation apparently takes place on a vast number of tiny 
nuclei. The radius of the drops thus formed appears to be about 
6.2 < 10-8em. When the steam in recompression again reaches 


O1, P,= 59.7, €,=294F 
Preliminary Cond. af 2.3 
Ultimate Cond. at 2.9 
EI RAR pee 

Preliminary Cond. at 2.9, U/t Cond. 
at 3.05, Recom. at 5.65 
03, P,=25.7, t= 286F 

No Prelim. Cond., Ultimate Cond. 
at 3.05, Recom. af 3.45 


Pressure, Lb per SqIn. 


Abs. 


| 2 3 4 5 6 7 8 
Scale Reading, In. 
Fia. 14 


the pressure at which condensation occurred, most, if not all, 
of the droplets seem to reevaporate, appearing again if the 
pressure once more falls below the condensation value. Only 
blue light, completely plane polarized when observed at right 
angles to the incident light, was to be seen in the nozzle. It 
is highly probable therefore that there is no growth of the drop- 
lets as they pass through the nozzle. 

The effect of supersaturation upon the flow of steam has been 
treated in detail by Stodola (29), Goodenough (16), and others. 
It may be concluded that supersaturation always occurs in the 
expansion of saturated steam, and for that reason the formula 
for superheated steam should be used to calculate the flow of 
saturated or slightly wet steam through nozzles. The actual 
effect of supersaturation in turbine operation is small, but, as 
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has been pointed out previously, there is a certain loss of avail- 
ability caused by the increase of entropy which accompanies 
condensation and the establishment of thermal equilibrium. 
This loss may amount to as much as 4 per cent of the isentropic 
enthalpy drop from the saturation line to the Wilson line. 

Prof. J. H. Keenan of the Stevens In- 
stitute of Technology suggested that nozzle 
No. 1 be replaced by another designed to 
give a less rapid expansion in the region 
where supersaturation occurs. The nozzle 
chosen for this purpose, No. 2 in Fig. 5, had 
a rounded inlet identical to that of No. 1, 
but a 1.0 in. straight section was interposed 
between the convergent and the divergent 
portions. As shown in Fig. 14, this design 
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condensation which began as a trace of bluish haze and rapidly 
became more dense as the ultimate-condensation curve was 
approached. Fig. 15 shows a photograph of the flow in nozzle 
No. 2 obtained by focussing the light from the are at the low- 
pressure end into a sharp beam. The preliminary condensation 
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produced the desired effect, for there was 


a rapid expansion through the rounded 
section, followed by a relatively slow drop in 
pressure through the straight throat. Addi- 


tional expansion and recompression took 
place in the diverging portion. 

The condensation which occurred in 
nozzle No. 2 differed radically in appear- , 
ance from that ‘countered with No. 1. % Sie 
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toward the high-pressure end, which marked 
the beginning of condensation. A line of 
demarcation was thus provided between 1 
the transparent superheated steam and the 
misty wet steam. With nozzle No. 2 the 
condensation curve again appeared and the 


Fie. 15 Frow Turovex Nozzute No. 2 


(Illuminated from low-pressure end by sharply focussed beam. Preliminary 

condensation can be seen before curved line denoting ultimate condensation. 

Initial conditions: 28 lb per sq in. gage, 288 F, 15 lb per sq in. abs back 
pressure.) 


pressures measured at that curve for varying initial conditions 
were found to lie on the Wilson line shown on Fig. 9. The term 
“ultimate condensation” will be applied to that which occurs 
at the Wilson line to distinguish it from the ‘‘preliminary con- 
densation”’ which is about to be discussed. 

The concave curve in nozzle No. 2 was preceded by a slight 


TABLE 2 SUMMARY OF RESULTS OF TESTS ON NOZZLE NO. 2 


Test D, Cond. r X 108, 
Point no. abs t pres. te cm 
Preliminary Condensation 
Ai 45-1 59.8 298 37.0 218.0 2.24 8.75 
Bi 40-1 54.8 292 34.0 214.0 2.23 8.86 
Ci 35-1 49.8 297 31.0 219.0 1.86 11.28 
Di 30-1 44.8 285 29.0 213.0 1.94 10.67 
Ei 25-1 39.8 295 23.0 204.0 1.84 11.98 
Fi 20-1 34.6 293 19.5 199.0 1.74 13.28 
Gi To stge2OrS mee 290i T45OnT7ON4e6 62532 9.52 
Ultimate Condensation 
Ae 45-1 59.8 298 30.0 183.4 3.54 6.17 
Be 40-1 54.8 292 27.9 175.0 4.11 5.93 
Ce 35-1 49.8 297 23.5 183.4 2.94 7.15 
De 30-1 44.8 285 21.0 164.4 3.99 5.89 
E2 25-1 39.8 295 17.5 164.4 3.33 6.78 
F2 20-1 34.8 293 15.0 159.4 3.21 thee 
G2 15-1 29.8 291 9.0 98.4 9.88 he. 
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Fig. 16 PRELIMINARY AND ULTIMATE CONDENSATION From Tests oN Nozzur No. 2 


can be seen and the curved line which denotes ultimate condensa- 
tion is also visible, although slightly different in shape from that 
in Fig. 6. 

In order to study this preliminary condensation, of which no 
trace had been found in nozzle No. 1, a series of tests was made 
as before with inlet pressures ranging from 10.0 to 45.0 lb per 
sq in. gage. Fig. 14 shows typical pressure-distance curves, 
while Table 2 includes the data and the results of the calculations 
of supersaturation ratios and droplet radii. 

Fig. 16 shows the data plotted on the revised Mollier chart 
from which it is evident that while ultimate condensation 
occurs approximately at the Wilson line, preliminary condensa- 
tion appears to take place at points scattered about the 2 per 
cent moisture line. Because of the nebulous character of the 
earliest traces of the preliminary condensation, it is difficult to 
measure the exact pressure at which it begins. This difficulty 
accounts for the wide variations in the droplet radii recorded in 
Table 2 as well as for the scattering of the points in Fig. 16. 

As the droplets formed by preliminary condensation ap- 
proached the line of ultimate condensation, the light scattered 
by the droplets changed rapidly in color from the initial blue 
through green and yellow to red. The red light was immediately 
lost in the more intense blue light scattered by the myriad of 
droplets formed at the curve of ultimate condensation. When 
the blue color disappeared because of recompression of the 
steam above the ultimate condensation pressure, the red again 
became visible. Analysis of these facts indicates that the pre- 
liminary droplets probably begin as very minute particles, 
about 10.0 X 10-8 em in radius, but grow with extreme rapidity 
until they approach the size of red light waves, about 6.0 X 10~§ 
em. Further growth is apparently halted by the crossing of the 
ultimate condensation curve, for the nuclei which come into ac- 
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tion in vast numbers at that line seem to acquire all of the 
available moisture. Coalescence of these drops is probably 
prevented by the high velocity at which they are traveling. 
Soderberg (28) presents curves which indicate that with steam 
velocities above 1200 fps the maximum drop size cannot exceed 
2.5 X 10-5 cm if the specific volume of the steam is below 50.0 
cu ft per Ib. While this limit is certainly of the correct order of 
magnitude, it is perhaps too low because the drops which caused 
the red light in nozzle No. 2 were undoubtedly as large as red 
light waves, although the steam velocity was approximately 
1600 fps and the specific volume about 20.0 cu ft per lb. 

The nature of the light scattered by the preliminary droplets 
differed from that scattered by the smaller ultimate droplets. 
The intensity was much greater in the direction from which the 
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light came and the polarization was not complete. Moreover, 
the colors other than blue were not visible unless the angle 
of observation was less than 90 deg to the incident light. It is 
therefore probable that the colors were produced by a complex 
interaction of scattering, refraction, and interference, and it is 
impossible to place an accurate limit on the size of the drops. 
The fact that the red light was partially polarized, however, 
indicates that 6.0 X 10-5 em, or 2.3 X 10-5 in., is a reasonable 
value for the radius of the largest drops observed in nozzle No. 2. 

The existence of preliminary condensation raised some inter- 
esting questions. Stodola found no traces of such condensation 
nor did the theoretical investigators consider the possibility of 
its existence. Up to the present time it has been assumed that 
supersaturation, if it existed at all, would continue until the 
Wilson line was reached, at which point condensation would 
oceur and equilibrium would be reestablished. Dust or other 
foreign particles in the steam would cause the type of con- 
densation mentioned above, but particles large enough to act as 
nuclei would also scatter light with visible intensity before any 
condensation occurs. No such particles were seen in any of the 
tests. 

It was hoped that preliminary condensation could be proved to 
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occur upon ions, in which case the conventional theory would be 
vindicated. Condensation earlier than the ultimate was found 
by Wilson (34), Thomson (33), and Barus (7, 8) when electrified 
nuclei were present. In order to study the possible electrifica- 
tion of the droplets, nozzle No. 2 was replaced by No. 2B (Fig. 
5), made of bakelite with brass plates set into the straight 
sections to act as electrodes. When the steam was flowing and 
condensation was occurring as in Fig. 15, a potential of 110 volts, 
de, was connected across the electrodes. There was no apparent 
change in the character of the condensation, nor did reversing the 
polarity of the electrodes have any visible effect. If the drops 
were electrified, it would be supposed that the positive drops 
would be attracted to the negative electrode, and vice versa. 
There was, however, no evidence of attraction or repulsion. 
This test was by no means conclusive because the voltage was not 
high enough to produce a very vigorous attraction and the high 
velocity of the water particles might have obscured any effect 
which existed. 

It was decided to apply another test. If preliminary condensa- 
tion occurred on ions, increasing the number of ions should 
increase the density of the mist which indicated condensation. 
A similar experiment had been performed successfully by Wilson 
and Thomson. The most prolific source of ions which could be 
obtained was the spark from an induction coil. An insulated 
wire was led into the nozzle and so arranged that the spark could 
jump from the wire to the electrodes or to the bottom of the 
nozzle. When the coil was in operation a strong spark resulted 
but there was no visible effect upon the condensation. This is 
directly opposed to the evidence of von Helmholtz (19) who 
found that electrification of a steam jet increased the condensa- 
tion. The duration of the spark from an induction coil, about 
10-® see, is probably so short that any effect which occurred 
might not be visible because of the high velocity of the steam. 
The experiments to discover whether the droplets are electrified 
must therefore be regarded as inconclusive and it is hoped that 
more work can be done on this phase of the subject. 

To develop a theory which will explain both the preliminary 
and the ultimate condensation, the tests on nozzle No. 2 must be 
analyzed. A very significant feature is that with an initial 
pressure of 10.0 Ib per sq in. gage and a back pressure ‘of 1.0 lb 
per sq in. gage, represented by point H in Fig. 16, no preliminary 
condensation was seen. When the inlet pressure was raised to 
15.0 Ib per sq in. gage, point G, preliminary condensation was 
visible. The only apparent difference between these two condi- 
tions was that the velocity of the steam at the condensation 
point was higher in the first case, about 1700 fps, when no pre- 


TABLE 3 SUMMARY OF TESTS ON NOZZLE NO. 3 


Test P, Cond. r X 10, 
Point no, abs t pres. te S cm 


Preliminary Condensation 


Ai,2 5-1,2 20.1 284 9.55 166 1.75 14.5 
Bi,2 10-1,2 24.5 289 11.65 168 2.84 11.3 
1 13-1 29.5 294 12.5 158 2.77 8.17 
2 13-3 29.5 290 14.4 173 2.27 9.77 
Di 20-1 34.6 294 19.6 201 1.70 13.8 
D2 20-2 34.6 297 17.0 176 2.47 8.76 
Ei 25-2 39.7 298 19.7 184 3.01 7.93 
Fi 30-3 34.7 303 19.5 184 2.40 8.79 
Gi 35-3 49.7 307 25.5 198 2.04 10.5 
Hi 40-3 54.7 307 30.7 218 1.86 11.3 
Intermediate Condensation 
Ee 25-2 39.7 298 18.0 170 3.01 7.89 
F: 30-2 44.7 303 19.5 172 3.10 7.04 
G2 35-2 49.7 303 22.0 172 3.49 6.88 
He 40-2 54.7 305 28.0 195 2.69 7.00 
Ultimate Condensation 
As 5-3 20.1 287 6.0 104 5.60 5.59 
Bs 10-3 24.5 290 7.5 114 5.26 5.65 
Cz 13-3 28.9 297 9.5 139 3.38 7.03 
Ds: 20-3 34.9 299 13.0 144 4.07 6.17 
Es 25-1 39.7 303 16.4 162 3.30 6.88 
F3 30-1 44.7 306 18.0 169 3.08 7.16 
G3 35-1 49.7 300 22.5 172 3.60 6.22 
Hs 40-1 54.7 305 25.0 171 3.92 5.86 


- Typical results are presented in Fig. 17 and 


_ the back pressure. If the steam expanded to 


' tion, for the given initial conditions, the jet 
4 appeared as in Fig. 18(a). 
' preliminary condensation and the concave 
_) ultimate condensation curve of nozzle No. 1 
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liminary condensation occurred, than in the second, about 1500 
fps. 

The factor controlling the type of condensation to be ex- 
pected under various conditions may be a function of the rate of 
change of pressure with time. Tests carried out on nozzle 
“No. 3 (Fig. 5), a simple rounded orifice, lend support to this 
theory. A series of tests was made with this nozzle using inlet 
pressures up to 40.0 lb per sq in. gage and 
the back pressure was varied in each test. Ae, 

pressure was varied i es Dard, 
*the data are tabulated in Table 3. 

It was found that the nature of the con- 

densation in the jet varied with changes in 


a pressure below that of ultimate condensa- 
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was apparently an intermediate type, being neither preliminary 
nor ultimate, but resembling each in some particulars. The 
pressures at which this intermediate condensation took place 
were slightly above the pressures at the Wilson line. 

When the back pressure was raised to a still higher value, 
preliminary condensation occurred. The condensation first 
appeared as a bluish mist but the scattered light changed rapidly, 
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There was no 


was again visible. In such expansions there 
_was no color other than the blue and the 
general nature of the condensation was simi- 
lar to that found in nozzle No. 1. The jet 
expanded freely, bending first toward one 
‘side of the channel and then toward the 
‘other. The wavy outlines of the jet cor- 
responded to the oscillations in the pressure- 
length curves of Fig. 17. When the inlet 
pressure was raised to 40.0 lb per sq in. 
gage, the steam expanded to fill the entire 
channel, Fig. 18(6) and the dark bands due 
to recompression above the ultimate con- 
densation pressure were quite distinct. 
Fig. 19 shows the data obtained from these 
tests plotted on the revised Mollier chart. 


Fig. 18(a) 


Fig. 18(b) 


Fie. 18 FiLtow Turoucu Nozzin No. 3 


{a (upper)—Initial Conditions: 25 lb per sq in. gage, 300 F, 16 lb per 

sq. in. abs back pressure. b (lower)—Photographed after pressure raised to 

40 lb per sq in. gage. Jet expands to fill entire channel. Dark bands caused 
by recompression above ultimate condensation pressure. } 


When the back pressure was raised until the ultimate con- 
densation pressure was not quite reached during the expansion, 
the appearance of the jet changed completely. The well-defined 


_ wavy outlines disappeared and the initial blue changed to a 


whitish blue, indicative of larger droplets. This condensation 
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Fig. 19 PRELIMINARY, INTERMEDIATE, AND ULTIMATE CONDENSATION 


From Trsts on Nozzue No. 3 


through green and yellow to red. The red light was still partially 
polarized, indicating that the droplets were of the same order of 
magnitude as the wave length of red light. 

The supersaturation ratio calculated for the conditions of 
preliminary condensation varies.from 2.24 for the highest inlet 
pressures to 1.74 for the lowest. The droplet radius at the be- 
ginning of preliminary condensation ranges from 9.52 to 13.3 X 
10-§cem. The wide variations of droplet radius shown in Table 3 
are probably due to the difficulty in determining the exact pres- 
sure at which preliminary condensation occurred. When the 
values of the supersaturation ratio at preliminary condensation 
are plotted against temperature as in Fig. 11, it is found that they 
lie well below the curve for the ratio at ultimate condensation, 
but that Powell’s curve, if extended, will pass through the group. 
It is also evident from Figs. 16 and 19 that the preliminary 
condensation points are located near the 2 per cent moisture 
line, along which fell Powell’s version of the Wilson line (274A). 
It seems quite probable that the condensation observed by 
Powell was a form of preliminary, rather than of ultimate, con- 
densation. 

The type of condensation which occurred in nozzle No. 3 for 
any given inlet conditions could be varied among the three 
types mentioned above by varying the back pressure. The 
nature of the condensation was apparently a function of the 
velocity of the steam and of the duration of the condensation 
process. If the expansion was rapid and continuous to the ulti- 
mate condensation condition, no preliminary condensation 
occurred, and at the Wilson line a vast number of tiny droplets 
was formed which did not appear to increase in size with further 
expansion. If, on the other hand, the expansion was slow or 
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the back pressure too high, some preliminary condensation oc- 
curred at a pressure higher than that at the ultimate condensa-~ 
tion condition. The drops thus formed were larger than those 
formed at the Wilson line, and they continued to grow as they 
passed through the nozzle. Growth was apparently halted 
when the drops reached the order of magnitude of red light 
waves. 


7 RESULTS AND CoNCLUSIONS 


The primary object of this investigation was to check the 
location of the limit of supersaturation, which, on the Mollier 
chart, is known as the Wilson Line. The secondary object was 
to determine the size of the water droplets formed by condensa- 
tion from the supersaturated state, as their size may have some 
bearing on the erosion of the low-pressure blades in steam tur- 
bines. 

The Wilson line was located by measuring the pressures at 
which condensation occurred in an illuminated nozzle. A series 
of such measurements, covering the range of 10.0 to 75.0 lb per 
sq in. abs in which turbine condition curves cross the saturation 
line, resulted in a number of points, through which the Wilson 
line was drawn. ‘This will provide working data for turbine 
designers. 

The Wilson line lies between the 3 and 4 per cent moisture 
lines on the Keenan Mollier chart, slightly higher than the 
original Wilson line of H. M. Martin. Callendar concluded 
from data on the Lusitania turbines that the Wilson line approxi- 
mately coincided with the 3 per cent moisture line, and this 
investigation indicates that he was nearly correct in this assump- 
tion. 

The radius of the droplets which are formed when condensation 
occurs at the Wilson line is approximately 6.2 X 107% cm, a 
value determined by the von Helmholtz equation and sub- 
stantiated by the blue color and complete plane polarization of 
the light scattered by the droplets. 

The theory of supersaturation is verified for rapid expansions 
through simple convergent-divergent nozzle forms, for not only 
do the droplets appear at the pressures theoretically predicted, 
but also they disappear under recompression conditions in a 
manner which can only be explained by the supersaturation 
theory. 

It was found that the behavior of steam in the illuminated 
nozzle could be seen clearly and the phenomena of shock, re- 
compression, and the breaking away of the jet from the nozzle 
walls were observed and photographed. 

A second series of experiments on modified nozzles revealed 
that under certain circumstances condensation could occur be- 
fore the Wilson line is reached in an expansion. The upper 
limit of this preliminary condensation region is close to the 2 per 
cent moisture line on the Mollier chart. Due to the difficulty in 
distinguishing the first traces of preliminary condensation, the 
experimental points obtained in the study of this type are too 
widely scattered to permit definite conclusions to be drawn. 
Evidence indicated that the velocity of the steam in the con- 
densation region is the controlling factor. The tests for electrifi- 
cation of the droplets, although inconclusive, indicate that 
electrical methods for removing moisture from the low pressure 
sections of steam turbines are not likely to succeed. 

With nozzle No. 1, the evidence is reasonably conclusive that 
there is no growth of the droplets during their passage through 
the nozzle. Growth of the droplets would cause the nature of 
the scattered light to undergo drastic changes which could 
easily be observed. The color, intensity, and polarization of the 
scattered light remain constant throughout the length of the 
nozzle, however, and there could have been no appreciable change 
in the size of the droplets. 
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With nozzles Nos. 2 and 3 it was found that the drops which 
are formed in preliminary condensation grow very rapidly from 
their original radius of about 10.0 X 107% em to a magnitude 
comparable to the wave-length of red light, about 6.0 X 10m 
em in radius. If, however, the preliminary condensation is 
followed by ultimate condensation, the first droplets cease to 
grow when the latter occurs, probably because all of the available 
moisture is acquired by the vast number of nuclei which become 
effective at the Wilson line. It may be concluded that no addi- 
tional nuclei beyond those present in the dry steam are needed 
to effect complete condensation. 

As yet no explanation can be given for the existence of this 
preliminary condensation. It was found to occur only when the 
expansion in the supersaturated region was slow or interrupted. 
This suggests that long parallel sections of converging nozzles 
in the low pressure stages of steam turbines may encourage 
preliminary condensation and the subsequent formation of drop- 
lets large enough to cause erosion of the blades upon which they 
are discharged. 

Appendix 1 contains a brief presentation of the optics of small 
particles, and the construction of the revised Keenan Mollier 
chart is described in Appendix 2. A bibliography of the leading 
articles on supersaturation and related subjects will be found in 
Appendix 3. 
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Appendix | 
THE OPTICS OF SMALL PARTICLES 


Fok the purpose of optical study, small particles must be 
divided into two classes, those smaller than and those larger 
than the wave-length of light. Particles whose diameter is less 
than the wave-length of the light which falls upon them give 
rise to the phenomenon of scattering, which will be considered 
in detail since the droplets encountered in this work seem to be 
of that order of magnitude. Larger particles can be studied 
by means of the light reflected or refracted by them. 

The scattering of light by small particles was studied by Lord 
Rayleigh (34, 35, 36), who developed the following formula 
for the intensity of the light scattered by dielectric spheres, the 
radius of which is many times smaller than the wave-length of 
the light which falls upon them. If J is the intensity of the 
scattered light, 


r6 
lee ¥ (Te 16087 )8) .28., sat hase eevee {18] 


where k = a constant 

= radius of the spheres 
wave-length of the incident light 
angle between the line of observation and the 
incident light 


15 ie et 
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This formula gives a 
symmetrical distribu- 
tion of the scattered 
light, with the inten- 
sity twice as great in 
the direction from 
which the light comes 
as in a direction nor- 
mal to it. 

The light which is 
scattered at right 
angles to the incident 
light is completely 
plane polarized, and 
can be extinguished if 
the incident light is 
properly polarized. 
This polarization is 
the distinguishing 
feature of scattered 
light. 

It will be seen from 
Equation [18] that, 
at a given angle of 
observation, the in- 
tensity of the scat- 
tered light varies with 
the sixth power of 
the radius of the 
sphere. Thus a small 
increase in the radius 
will cause a large in- 
crease in the inten- 
sity. Likewise, the 
intensity of the scat- 
' tered light varies inversely as the fourth power of the wave- 
length, so for a given particle size the short wave-lengths will 
be scattered much more vigorously than the long and the 
scattered light will be blue in color. This blue color is the 
characteristic by which light scattered by very small particles can 
be identified. 

There is no lower limit in size below which particles will not 
scatter light. Any particle of finite radius will scatter light to 
some degree, and the scattering can usually be observed if the 
proper care is taken. Strutt (58) has studied the scattering of 
light by the molecules of many gases. He found that the scat- 
__ tered light when examined spectroscopically was the same as the 
incident light except that the longer wave-lengths had been re- 
moved. 

Mie (50), Shoulejkin (57), and Blumer (41-44) have studied 
the scattering of light by particles of all sizes. The work of 
Shoulejkin is of particular interest here because he has calculated 
the intensity of the light scattered by small dielectric spheres, 
in which class water droplets must be considered. He has repre- 
sented graphically in polar coordinates the intensity of the light 
scattered by spheres ranging in size from infinitely small to equal 
to the wave-length of the incident light. In (a), (6), and (c), Fig. 
20, the total length of any vector, as f, represents the total 
intensity of the light scattered along that vector, the incident 
" light coming from the left. The portion of the vector between 
the inner and the outer curves represents the fraction of the light 
which is polarized. For infinitely small spheres, the scattering, 
_ following the Rayleigh formula, is symmetrical, and the polariza- 
_ tion is complete at an angle of 90 deg to the incident light, as in 
(a). 


In the radiation from particles whose diameter is about !/; 


(a) Scattering by Infinitely 
Small Dielectric Spheres 


(6) Scattering by Spheres 
of Diameter=3A 


(c) Scattering by Spheres 
of Diameter =X 


Fie. 20 GrapxHicaL REPRESENTATION OF 
Licut ScaTTERED BY SPHERES 


(Sizes ranging from infinitely small toa diameter 
equal to the wave-length of the incident light.) 
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the wave-length of light, as in (6), the polarization is nowhere 
complete and its maximum is shifted from 90 deg to the higher 
angles. The intensity is no longer symmetrical but is noticeably 
greater in the direction from which the light comes. 

With particles of diameter equal to the wave-length, as in 
(c), the assymmetry is still greater, and the intensity is far 
greater in the direction of the incident light than in the opposite 
direction. The scattered light is only slightly polarized. 

According to Shoulejkin, the nature of the scattered light does 
not change until the dimensions of the particles have become 
so great that one can just begin to study their behavior by 
applying the laws of interference, refraction, and reflection of 
light. Such particles are of microscopic dimensions and can be 
measured by various methods, an excellent discussion of which 
is given by Whytlaw-Gray and Patterson (60). 


Appendix 2 


A METHOD OF COMPUTING THE PROPERTIES OF 
SUPERSATURATED STEAM 


T has been found that, in the region near saturation, the 
isentropic expansion of superheated steam can be expressed 
with a high degree of accuracy by the equation: 


where subscripts 1 and 2 denote the initial and final conditions, 
respectively. 

Since supersaturated steam expands in the same manner as 
superheated, it may be assumed that the same law is applicable 
to both. If, therefore, a given superheated condition is assumed, 
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it is possible to calculate the specific volume of superheated or 
supersaturated steam at the same entropy and at any desired 
lower pressure, from the equation: 
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Since the work done in an adiabatic isentropic expansion is 
equal to the change in enthalpy, 


144 1.3 
Si (2) (oe) (piv1 — Pata). +--+ [21] 


where 7; and p, are in lb per sq in., and », and are in cu ft per 
Ib. Since Ii, p1, %1, and p2 are known, and v2 can be calculated 
from Equation [20], it is possible to compute he for any desired 
lower pressure. 

Over a small range we may apply the perfect gas relationship 


Piv2 _ P2ve 


Ti T2 


to calculate 72 ana consequently te. Thus all of the properties 
of supersaturated steam can be obtained for any desired pressure. 

In order to plot the revised Keenan chart used in Fig. 9, it 
was necessary to have at least five entropy-enthalpy values for 
each pressure line. Accordingly, eighteen points were chosen 
for entropies between 1.60 and 1.94. By calculating the isentropic 
enthalpy drop from each initial point to successively lower 
pressures, the required points were obtained. Fig. 21, a large 
scale reproduction of a small portion of the revised chart, shows 
the method of drawing the supersaturated pressure lines. 

The accuracy with which this method can be applied is illus- 
trated by the following sample calculation, in which the calcu- 
lated values should agree with those given in the steam tables. 
Initial conditions: Point 1, Fig. 21: 


pi: = 30.0 lb per sq in. abs 
s, = 1.7201 

v, = 14.392 cu ft per lb 

h; = 1178.9 Btu per lb 


Assume an isentropic expansion to 23.0 lb per sq in., saturated, 
point 2, Fig. 21: 


s, = 1.7204 
Then 


23 
Keenan’s value for 23 lb (saturated) = 17.63 cu ft per lb 
he = 1178.9 — 0.804 (30.0 X 14.892 — 23 X 17.65) 
= 1178.9 — 20.58 = 1158.32 Btu per lb 
Keenan’s value for 23 lb (saturated) = 1158.6 Btu per lb 
23 X 17.65 
T, = (280 + 459.6) 30 x 14.302 = 695.6 
i ee GROIN 


Keenan’s value = 235.49 F 

For the entropy value S = 1.7201, condensation will occur at 
approximately 12.0 lb per sq in abs. The following example will 
serve to illustrate the loss due to supersaturation: 


30 0.77 
vo = 14.392 | — = 17.65 cu ft per lb 


Let p; = 12.0lbpersqin. abs, point 3, Fig. 21 


So lO 
30 0.77 
Then v3 = 14.392 2 = 29.14 cu ft per lb 
andh; = 1178.9 — 0.804 (30.0 x 14.392 — 12 X 29.14) 
h; = 1113.0 Btu per lb 


From the Keenan steam tables and Mollier chart, for 12.0 lb 
per sq in. abs, wet steam, entropy of 1.7201, 


h = 1111.39 Btu per lb 
The loss in enthalpy caused by supersaturation 
Ah = (1113.0 — 1111.39) = 1.61 Btu per lb 
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Since the enthalpy drop from the saturation line to the 12 Ib 
pressure line along the entropy line, with s of 1.7201, is 


H = (1158.6 — 1111.4) = 47.2 Btu per lb 
The loss due to supersaturation in this case is 
1.61 


47.2 
the saturation line to the 12 lb wet-steam line. 


= 3.41 per cent of the isentropic enthalpy drop from 
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Discussion 
> A.G. Curistm.? Mr. Yellott’s paper forms a real contribution 
to our knowledge of the properties of steam. Much has been 
written upon supersaturation but this unstable state is so difficult 
to determine by ordinary instruments which measure tempera- 
ture and pressure that all the material previously published has 
been in the form of deductions based on certain theories. Mr. 
- Yellott’s optical methods enabled him not only to observe the 
~ steam conditions in his nozzles but also to measure the droplet 
sizes and the pressures at which these formed. Greater re- 

liance therefore can be placed upon these observations than 
| upon any previous data. 

' Jt is a matter of regret that colored photographs of the actual 
jets could not be secured, particularly when polarized light was 
used. These would provide still more convincing evidence of 
-/ the nature of the phenomena and the changes that actually 
) take place in the flow of steam. 

While Mr. Yellott’s results have great value, many new prob- 
lems arose in the course of his work. Another graduate student, 
J. T. Rettaliata, is continuing this research in an endeavor 
to determine whether roughness of the nozzle wall surface is the 
cause of the abrupt halt in pressure drop at the moment con- 
densation starts from the supersaturated steam. This step in 
the pressure drop curves was noted by both Prof. Robb and Mr. 
Yellott. 

An attempt will also be made to investigate the pressures at 

- which condensation starts with varying nozzle shapes. Mr. 
Yellott found no preliminary condensation with nozzle No. 1 
while with nozzle No. 2 preliminary condensation was usually 
present. We believe that a nozzle can be built between these 
two limiting sizes in which the condensation would be either 
ultimate or preliminary depending upon the pressure conditions. 
When this nozzle is developed and tested, its performance should 
give some clue to the determination of the conditions under which 
either form of condensation may be expected. 

We also propose to try some actual turbine nozzles and to 
study both the supersaturation effects, the loss of contact of jets 
with walls, and the recompression in the issuing jet by means 
of light rays of definite wave-length. 

It is undoubtedly a fact that this supersaturation phenomenon 
has an effect upon the expansion of steam in turbines at the 
saturation line and possibly even throughout the whole section 
of the turbine below saturation. In an earlier paper by Mr. 
Colburn and myself we suggested that supersaturation at the 
last blade row of the turbine may be an influencing factor in blade 
erosion. The influence of supersaturation on turbine performance 
with saturated or wet steam is another problem that has not yet 
been fully analyzed. 

The paper before us will direct attention to these problems 
and as a result of further studies it is hoped that improvements 
in turbine performance may be effected. 


D) 


J. Gersuprre.‘ The writer would like to know if the author 
made experiments with a mixture of air and steam to bring out 
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what influence, if any, air may have on supersaturation of steam. 

This question is prompted by a rather peculiar phenomenon 
observed in a recent test of heat transfer in experimental con- 
denser tubes. Two test tubes were placed side by side in the 
lower portion of the first pass of a two-pass condenser. One. 
of these tubes was new and clean and the other old and dirty. 
The new tube was supplied with fresh water and the old one with 
salt water drawn from the house-service line. It was found 
that for a constant load on the turbine the water in the new 
tube was giving up instead of absorbing heat at the lowest water 
velocity employed in the test, this effect becoming progressively 
less as the water velocity was increased. However, the adjacent 
old test tube displayed a normal behavior, i.e., absorption of 


TABLE 4 

Inlettwater temp, Bi, COMGEnsOL eu oiaiese «eee sac aceinis ossicles 46.3 
Inlet water temp, F, new test tube.................... 58.5 
Inlet water temp, F, old test tube..........-.000-20006 55.6 
Outlet water temp, F, new test tube................... 53.3 
Outlet water temp, F, old test tube.................26- 59.0 
Condenser hot-welltempyites neces. ces eters rclee cous 68.0 
Abs pressure at turbine exhaust, in. Hg bier 1.13 
Abs pressure at hot well, in. Hg... 0.0.0 .cssc ence cccese 1.02 
Ai leakage, cuit per: mln. ei ccee secs we cine cc Cees ve 7 


heat from the steam. Table 4 gives some of the test data at a 
water velocity of 2 ft per sec. 

It is to be noted that the two test tubes were located in prox- 
imity of the bank of tubes intended for cooling the air on its way 
to the air offtake. 

Attempts were made to explain this phenomenon as due to 
partial pressures. However, computations do not seem to sup- 
port this contention. They show that on the basis of partial 
pressures the lowest temperature of the fluid enveloping the new 
tube may be about 65 F which is close to 68 F in the hot well. 
The exterior fluid would be thus about 12 F hotter than the 
water at the outlet of the tube when, logically, it should be some- 
what cooler. Also it was thought that, perhaps, a local cooling 
to this fluid was brought about by the 46.3 F inlet temperature of 
the main circulating water. Or is it possible that, notwithstand- 
ing the presence of water drops, a local supersaturation of vapor 
took place because of a comparatively richer mixture of air in 
that part of the condenser? 


J. H. Keenan.’ Supersaturation is a phenomenon which 
yields up its secrets only to the most persistent and intelligent 
observers. Mr. Yellott is one of these. He has presented data on 
supersaturation in an expanding stream that are more compre- 
hensive and more illuminating than anything previously pub- 
lished. 

It is well to recall that there are two classifications of super- 
saturated or undercooled steam. Supersaturated steam of the 
first class is any steam entirely free from water, but at a tempera- 
ture lower than the steam table saturation temperature corre- 
sponding to its pressure. Supersaturated steam of the second 
class is steam in thermal equilibrium with small drops of water. 
This second kind of supersaturation, despite the presence of 
water drops, is undercooled relative to the saturation tempera- 
ture given for its pressure in the steam table, because the steam 
table saturation temperature is correct only for an equilibrium 
mixture of steam with infinitely large drops of water. The 
first kind of supersaturated steam involves no liquid and its 
behavior is much like that of superheated steam. In fact, the 
best available method of determining its properties consists 
of extrapolating the constant temperature lines and other 
characteristics of superheated steam across the saturation line. 

Mr. Yellott’s photographs and the corresponding pressure 
curves show that supersaturation of the first kind exists in 
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nozzle No. 1 down to a certain point at which two things occur: 
First, a dense fog of fine water particles is formed, not gradually 
but with great suddenness, and second, a step occurs in the pres- 
sure curve. It is reasonable to suppose that the steam carrying 
the fog is supersaturated in the second sense, but its degree of 
supersaturation depends upon the size of the fog particles. 

The phenomenon of sudden condensation at a given section of 
the nozzle can be analyzed by means of the equations of con- 
tinuity, energy, and momentum for a steadily flowing stream. 
Let po and é& represent the pressure and temperature immediately 
before the nozzle where the velocity is negligible, and let sub- 


Absolute Pressure - Ib /5q in 


Distance along Nozzle 


Fre. 22 Sampie PressuRB DisTRIBUTION CURVE 


(The crossing of the normal seein - and the condensation point are 
shown. 


scripts s and e designate properties of the steam at sections that 
are, respectively, immediately above and immediately below 
the condensation point, Fig. 22. Then the three equations may 


be written: 
Continuity, Vs/v. = Ve/ve, Since Gs = de.......-- [22] 
Energy, he + Vs?/2g = he + Ve2/2g......-.----- [23] 
Momentum, wV:/g + psa = wVe/g + ped.....-- [24] 


where V = stream velocity 

v = specific volume 

a = stream cross-section area 

p = stream pressure 

w = weight rate of flow 

h = enthalpy 

As expansion proceeds from Po, fo to Ps the steam is at first 

superheated but it becomes undercooled steam of the first kind 
once it has crossed the steam table saturation line. However, 
the change in name is not justified by any change in the char- 
acteristics of the expansion, because undercooled steam of the 
first kind has all the characteristics of superheated steam. 
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Its name is changed only because a change in characteristics 
indicated by the steam table failed to materialize. Conse- 
quently, the velocity of the steam at ps and its properties may be 
found by extending down to ps the characteristics of the ex- 
pansion from po, to to the steam table saturation line. Investi- 
gation shows that within the range covered by Mr. Yellott’s 
tests isentropic expansion in the superheat region follows the 
polytropic 


pv'-316 = constant 


to a high degree of approximation. This relationship, combined 
with the properties of the steam approaching the nozzle and the 
measured pressure ps, yields hs, vs, and Vs. Equations [22], 
[23], and [24] then become relationships between the four 
unknowns ?e, he, ve, and Ve. 

If we assume for the moment that the fog particles at e are 
infinitely large, that is, more than 1 X 107° in. in diameter, the 
ordinary table of the properties of saturated liquid and saturated 
vapor yields a fourth relationship between the four unknowns 
and offers the possibility of solution by a “cut and try’’ process. 
In a representative case for which po and to were 34 lb per sq in. 
and 297 F and p. was 13.7 lb per sq in. (Fig. 22) the solution 
indicated a pressure at e 3.8 lb per sq in. higher than the pressure 
at s. In other words, to fulfil the requirements of the continuity, 
energy, and momentum equations, the pressure must rise sud- 
denly when a sudden return to equilibrium occurs from the super- 
saturated state. 

The step in the pressure curve at ps serves to confirm this 
result. If a sudden pressure rise existed at this point, a search 
tube with a sampling hole of finite size would round off the dis- 
continuity. Furthermore, since it is unlikely that all of the drops 
form at precisely the same instant, some additional flattening of 
the peak might be expected. However, an approximation to the 
pressure rise corresponding to instantaneous condensation may 
be found from the measured pressures by extending the trend 
of the curve following condensation back to the section at which 
condensation starts and measuring the difference between the 
extrapolated value and the measured value at that point. In the 
following paragraphs the pressure difference found in this fashion 
will be referred to as the measured pressure rise. 

In the case under discussion the calculated pressure rise was 
roughly twice the measured rise, but the discrepancy might be 
explained by the small size of the drops. It seemed likely that if a 
solution of the analysis could be carried out for different drop 
sizes, each, of course, involving a different steam table relating 
pe, he, and ve for mixtures of that drop size with the corre- 
spondingly saturated steam, the drop size for which the calculated 
pressure rise agreed with the measured pressure rise would be, at 
least approximately, the size of the fog particles formed at s. 

Consequently relationships between pe, he, and ve were found 
for equilibrium mixtures of vapor and water drops of different 
sizes. For this purpose the Kelvin-Helmholtz equation for the 
supersaturation ratio, the Stodola equation for capillary energy of 
the drops and the polytropic exponent 1.316 for steam at tempera- 
tures above the corresponding equilibrium temperature were 
employed. 

The condensation pressure rise for a number of different drop 
sizes was then computed and plotted in Fig. 23. It should be 
noted that the drop size corresponding to zero pressure rise 
upon condensation is the size given by Mr. Yellott. That is, 
Mr. Yellott calculated the drop size starting from the assumption 
that condensation begins as soon as the expanding steam crosses 
the saturated vapor line corresponding to the size of the drop 
formed. In this he was following the precedent set by authorita- 
tive earlier investigators. That condensation does not begin, 
however, as soon as the expanding steam crosses the saturated 
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vapor line corresponding to the size of the drops about to be 
formed is indicated by Mr. Yellott’s own experimental results 
as follows: 


(a) His photographs of nozzle No. 1 do not indicate a 
gradual increase in the number of water particles starting 
from a trace at the saturation point and increasing in numbers 
to a thick fog further on. On the contrary, a thick fog is 
formed suddenly as the steam crosses a definite section. 
It is true that traces of liquid appear in nozzle No. 2 before the 
thick fog is formed, but even here the major condensation 
occurs suddenly 

(b) The step in the curve of pressure through the nozzle 
is an indication of a discontinuity in the sequence of state 
changes through the nozzle. Had condensation occurred at the 
proper saturation line no more discontinuity would have been 
observed than would be calculated from the ordinary steam 
table for isentropic expansion into the moisture region. 


The measured pressure rise for an initial pressure of 34 lb per 
sq in. was about 1.8 lb per sq in. which, according to Fig. 23, 
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corresponds to a drop radius of about 5 X 107° ft which is about 
two and one-half times the radius, or about fifteen times the 
volume, calculated by Mr. Yellott. 

Whether this same size drop was formed in all of the tests 
on nozzle No. 1 could be learned by comparing calculated pres- 
sure rise with mea- 
sured pressure rise 
in each instance. 
To simplify the cal- 
culations initial 
temperatures were 
taken from the 
curve of Fig. 24 and 
ps was taken from 
the curve of Fig. 25. 
In both instances 
the test values, 
shown as circles, departed little from the curve assumed. Two 
tests were omitted from the analysis, though they conflict in 
no way with its results, because their initial temperatures were 
out of line with those of the other tests. 

The measured pressure-rise values are shown as circles in Fig. 
26. They were obtained before the analytical values were com- 
puted in order to avoid, as far as possible, the influence of per- 
sonal prejudice. 

The condensatton pressures, ps, plotted in Fig. 25 show a con- 
sistent trend for initial pressures between 20 and 40 lb per sq 
in. Two tests at higher pressures failed to follow that trend. 
It seemed best to extrapolate the trend to obtain condensation 
pressures for computation purposes until it was found that there 
was no corresponding solution for an initial pressure of 50 lb per 
sq in. It became evident that the requirements of continuity, 
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energy, and momentum cannot be satisfied for this drop size 
and for the extrapolated condensation pressure. But solutions 
were found at the higher pressure when values of p. were chosen 
from the solid line of Fig. 25 which follows the measured values. 
These solutions give the solid line of Fig. 26. 

The agreement between the circles and the solid curve of Fig. 
26 is evidence of the validity of the analysis. The discontinuity 
in the trend of the condensation pressure data proves, quite 
unexpectedly, to be further evidence in its favor. 

It appears, then, that the expansion of steam in a nozzle into 
the region below the normal saturation line involves complete 
supersaturation until a vapor state is reached which would exist 
in stable equilibrium with droplets of about 2 K 107° ft radius 
(6.5 * 10-8 em), but which is undercooled compared with steam 
in equilibrium with any larger size drops. From this state some 
of the steam suddenly condenses to form a fog of droplets 5 
10-9 ft radius and releases energy sufficient to bring the surround- 
ing vapor into substantial equilibrium with these relatively 
large drops. This process is essentially irreversible as indicated 
by the suddenness with which it occurs, but gradual condensa- 
tion to drops of 2 % 107-9 ft radius would have been reversible 
except for friction between vapor and droplets. Irreversibility 
does not mean that the drops cannot be reevaporated upon 
compression of the vapor carrying them. It means only that 
some “hysteresis” effect must accompany such reevaporation. 
Thus, a vapor which expands to a state undercooled relative 
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to the size of drop subsequently formed must be compressed 
after condensation to a temperature markedly higher than that 
at which condensation occurred before all drops are evaporated 
again. 

The discontinuity in the course of the pressure which charac- 
terizes the condensation point is doubtless evidence of further 
irreversibility. In fact it is not very different in nature from the 
shock effects occurring in the diverging portions of nozzles dis- 
charging against a back pressure higher than the throat pressure. 
It results in a kinetic energy loss in excess of the amount usually 
calculated for supersaturation by assuming that condensation 
proceeds, however irreversibly, at constant pressure. Table 5 
compares the kinetic energy in a stream which expands from 34 
lb per sq in. 297 F to various pressures for 

(a) isentropic expansion in equilibrium with infinitely 
large drops for all pressures below the normal saturation 
line 

(b) isentropic expansion without moisture (po'#!6 = 
constant), and 

(c) isentropic expansion without moisture to a pressure 
below the final pressure followed by sudden compression to 
the final pressure simultaneous with the formation of infinitely 
large drops. 


The difference between (a) and (b) is what has hitherto been 
called the supersaturation loss. The difference between (a) and 
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(c) is a somewhat larger value by virtue of the shock effect and is 
doubtless more nearly correct for this case. The differences be- 
tween the losses calculated by the two methods are rather small 
and somewhat irregular, perhaps from slight steam table irregu- 
larities. They indicate, however, that the shock effect increases 
the loss by about 1'/s per cent of the kinetic energy if condensa- 
tion forms as very large drops. Computations have not been 
made for drops 5 X 1079 ft in radius but it is likely that they 
would show an additional loss of about °/s per cent instead of 
11/4 per cent. 

It is of some importance to know whether condensation occurs 
in the steam stream of a turbine in the constant pressure fashion 
or in the shock fashion. In general it may be said that con- 
densation will occur where the pressure of the stream is falling 
since once a stream reaches a given pressure without condensa- 
tion no continuance at that pressure will result in condensation 
(except on cold walls), particularly if the temperature of the 


TABLE5 KINETIC ENERGIES AND SUPERSATURATION LOSSES 
FOR EXPANSION FROM 34 LB PER SQ IN. AND 297 F 
(Condensation on infinitely large drops) 


Kinetic energy at final 
————pressure Btu/lb 


eel 


a b c Loss in kinetic energy 

Super- Super- Const. p Shock 

Final Equi- saturation saturation conden- conden- 

pressure, librium constant p shock sation sation 

lb per with large conden- conden- a— a—c 
sqin. drops sation sation Btu/lb % £Btu/lb % 
6.89 114.4 108.4 106.6 6.0 5.25 7.8 6.8 
12.63 73.7 72.0 71.2 ibe7/ P43) 2.5 3.4 
17.51 50.9 50.2 49.6 0.7 is 1.3 2.6 


stream is rising because of friction. A stream which is falling 
in pressure along its direction of motion is generally constrained 
by walls or by dynamic limitations to a certain sequence of cross- 
section areas and under such conditions the equation of con- 
tinuity will doubtless be valid when applied to the two sides of 
the condensation section. Consequently, it is logical to assume 
that this shock type of condensation is the important type to 
the turbine designer and it will justify further study. 

Mr. Yellott should be strongly urged to investigate further 
these supersaturation and moisture region phenomena about 
which much has been said and little has been known. It is 
of great importance to find out what happens in stages succeeding 
the initial condensation stage. Does supersaturation persist in 
each succeeding nozzle, or does the presence of the original 
fog inhibit it? On the answer to this question hinges our further 
understanding of moisture region phenomena in the steam 
turbine. Various authorities on steam turbine design have 
agreed that the loss due to moisture and supersaturation com- 
bined, affects the efficiency of a turbine stage slightly more than 
1 per cent for each per cent of moisture present. One authority® 
has attributed practically all of this effect to supersaturation. 
Others’ show that the entire moisture region loss might be readily 
accounted for by friction between steam and water particles. 

Would it not be possible to feed the glass walled nozzle with 
steam from a turbine stage? A suitable moisture content might 
be found by tapping the proper stage of a multistage turbine. 
Large water drops swept from metal surfaces could be largely 
eliminated by a centrifugal separator leaving only the fine fog 
within the stream. Then, photographs and pressure tube 
explorations might tell something of how condensation progresses 
in these later stages, whether continuously or by shock effects. 
Something might be learned concerning the relative distribution 
of water between the minute fog particles, which probably 
result in but small friction loss between steam and particle, 
and the relatively enormous drops which are swept from surfaces 


6 H. M. Martin, Engineering, vol. 106, p. 1, 1918. 
7G. A. Goodenough, Power, vol. 66, p. 466, 1927. 
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and which require large friction forces as their speeds are alter- 
nately increased and decreased down through the turbine. 


F. W. Garpner.® Mr. Yellott’s results seem to give a very 
satisfactory confirmation of the work of others who have carried 
out research in the same field, and the existence of supersatura- 
tion in a simple nozzle seems now to be well established. Our 
difficulty in actual turbine work is that we have never been able 
to obtain any satisfactory evidence that it occurs in turbine 
blades, or at all events, that it has any appreciable effect on the 
turbine performance. 

It is questionable whether the drop size, as deduced from the 
saturation experiments, has an important influence on the 
problem of blade erosion. The drops that produce erosion 
on the exhaust end blades of an actual turbine are probably 
of a much greater order of magnitude and result from the ac- 
cumulation of water on the preceding blade surfaces. The 
size of drop that can persist under these conditions is discussed 
by Soderberg, and in an ordinary turbine is probably of the 
order of a hundredth of a centimeter in diameter, as compared 
to the figure of 6 X 10-5 centimeters given by Mr. Yellott. 

In connection with the effect of ionization on condensation, 
Sir Charles Parsons and Mr. Dowson carried out some experi- 
ments a few years ago. Following some preliminary experi- 
ments in which a high-tension discharge was observed to pro- 
duce a marked effect on the steam cloud issuing from an open 
ended nozzle, an apparatus was developed for ionizing the 
steam supply to a small turbine driving a dynamo. In this 
experiment voltages up to 100,000 were employed and tests 
were made to see if any difference in consumption, speed, or 
output could be detected. These experiments, however, gave a 
negative result, and the performance of the unit appeared 
to be quite unaffected by the introduction of the high-tension 
discharge. 


AvutTHoR’s CLOSURE 


The new problems mentioned by Professor Christie have been 
the subject of further research carried on by Mr. Rettaliata at 
the Johns Hopkins University and by the author at the University 
of Rochester. It is hoped that the results of this work may be 
presented at a subsequent meeting of the Society, and that 
colored motion pictures will be available to illustrate the optical 
features. 

In response to Mr. Gershberg’s question, the presence of air 
in steam cannot be detected by this method, for the air is quite 
as transparent as the steam. It is probable that the phenomena 
which he noted are due in some manner to the low temperature 
of the main cooling water rather than to supersaturation. 

The author wishes to express his gratitude to Professor Keenan 
for his excellent analysis, which not only gives encouraging 
support to the accuracy of the experimental results, but also 
provides a new theoretical method of attack upon the condensa- 
tion problem. The only amendment to his method which the 
author can suggest is a slight modification of the Stodola equation 
for the capillary energy of droplets. Introduction of an im- 
proved equation for surface-tension results in values slightly 
greater than those calculated from Stodola’s equation. 

The experimental work which the author has been conducting 
with improved apparatus during the past year at the University 
of Rochester may supply the answer to some of the questions 
raised by Professor Keenan. A number of interesting and perhaps 
significant facts have been observed, and an attempt is being 
made to deduce the general laws which control the condensation 
of flowing steam. 


8 ©. A. Parsons and Co., Ltd., Heaton Works, Newcastle-on-Tyne, 
England. 
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Locomotive Counterbalancing 


By LAWFORD H. FRY,! PITTSBURGH, PA. 


The paper offers a method for computing and analyzing 
the counterbalance system of a locomotive. As a result 
of a straightforward simple series of computations, a clear 
and exact picture is obtained, showing the resultant forces 
set up by the rotating and reciprocating parts and the 
counterbalance in any given locomotive. A method is 
also provided for determining the proper counterbalance 
to meet any given conditions. The problems involved are 
of importance to the designer of modern locomotives of 
large size. The day has passed when it is satisfactory to 
provide static balance only for the rotating engine parts 
of a locomotive. Many locomotives now in service, which 
are balanced for static conditions only, have the main 
pair of wheels out of balance dynamically by as much as 


N MODERN locomotive designing, the 
I proper counterbalancing of the rotat- 

ing and reciprocating parts deserves 
close attention. Methods used up to a 
few years ago are inexact and allow high 
unbalanced inertia forces, with destruc- 
tive effect on the track. In Europe the 
civil engineers of the railroads require all 
possible protection for the permanent way, 
and as a result correct balancing of loco- 
motives has been common practise. In 
recent years some locomotive engineers 
in this country have adopted methods of 
cross-balancing which have reduced the unbalanced inertia forces 
and have thus cut down the dynamic augment of wheel loads 
produced by these forces. However, the great majority of loco- 
motives designed ten years or more ago are balanced for static 
conditions only. In these locomotives the main axle load on 
the track may be increased and decreased by 20,000 lb or more 
during each revolution. Little argument should be needed to 
show the desirability of avoiding the large and unnecessary 
stresses thus imposed on the track. 

Acceptance of this unnecessary dynamic augment in the axle 
load cannot be excused on the grounds of simplification of design. 
The great reduction in track stresses secured by elimination of 
unnecessary dynamic augment requires only that the counter- 
balance be set a few degrees off the center line of the crank. The 
necessary increase in weight of the counterbalance is small. 


1 Railway Engineer, Edgewater Steel Company, Mem. A.S.M.E. 
Mr. Fry was born in Richmond, Province of Quebec, Canada, of 
English parents and came to the United States at an early age. 
After schooling in this country and England he studied engineering 
at the City and Guilds Institute in London and the Hannoversche 
Technische Hochschule. He started work in the erecting shop of the 
Baldwin Locomotive Works and was later engineer of tests there. 
Later he became technical representative of the Baldwin Locomotive 
Works in London and Paris, returning to this country to become 
Metallurgical Engineer of the Standard Steel Works Company. 
Since 1930 he has been associated with the Edgewater Steel Com- 
pany. He is the author of ‘‘A Study of the Locomotive Boiler” and 
of many articles and papers dealing with locomotive and metallurgical 
subjects. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., December 5 to 9, 1933, of Taz AMERICAN 
Soctmry or MmcHANICAL ENGINEERS. 

Notz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


400 lb. At “‘diameter speed,”’ that is, at as many miles 
per hour as the driving wheels have inches of diameter, 
this lack of balance is sufficient to increase and decrease 
the axle load by over 20,000 lb during each revolution of 
the wheels. Up to the present there has been no adequate 
study of the effect of unbalanced horizontal forces on the 
locomotive. The proposed method of analysis offers a 
simple but accurate basis for such study. It seems prob- 
able that with proper cross-balancing a very large propor- 
tion of the mass of the reciprocating parts can be left 
unbalanced. In the case of the locomotive examined, 
over 80 per cent of the mass of the reciprocating parts is 
unbalanced and the locomotive is reported to ride very 
satisfactorily. 


Some refinements are necessary in weighing the wheels to see 
that they are correctly balanced. These, however, should present 
no real difficulty with adequate mechanical engineering talent 
and proper shop management. 

It is occasionally argued that it is unnecessary to consider 
cross-balancing for certain types of locomotives, because the wheel 
centers are too small to take all of the balance desired. This 
excuse is not valid. It is shown later that even with less than 
complete balance a shift of the center of gravity of the balance 
by about 7 degrees may reduce the dynamic augment on the 
main axle by over 10,000 lb. The possibility of this reduction 
should not be neglected. 

It is not easy to see why American civil and mechanical rail- 
way engineers have neglected for so long the proper balancing of 
locomotives. Probably one reason for this neglect has been the 
lack of a simple method for analyzing the inertia forces and pre- 
senting the facts. The present paper attempts to fill this gap. 
It offers a complete and accurate method for analyzing the inertia 
effects of the rotating parts of a locomotive engine. The method 
serves a double purpose. In the first place, it shows exactly 
what unbalanced inertia forces are developed by a given loco- 
motive. In the second place, it enables a designer to arrange the 
counterbalance of a locomotive so as to secure the best possible 
results for any given conditions. 

The paper describes in detail all of the computations to be 
carried out and keeps the mathematics down to the inescapable 
minimum. The final results are presented in simple form so that 
they may be readily understood by executives too busy to unravel 
the usual intricacies of cross-balancing. 

It is believed that general use of this method will accelerate 
the progress in improved balancing that has begun in the last few 
years. The present interest in the reduction of track stresses 
by proper balancing is directly traceable to the track stress 
measurements begun in 1913 by Prof. A. N. Talbot for the Ameri- 
can Railway Engineering Association. Mr. C. T. Ripley, of 
the Atchison, Topeka & Santa Fe Railway, cooperated with Pro- 
fessor Talbot in this work and was much impressed by advantages 
to be gained by designing locomotives to reduce track stresses. 
Improved distribution of weight and elimination of flangeless 
tires were tried and found to be efficacious. Professor Talbot’s 
tests also showed that large unnecessary stresses were due to 
imperfect balancing of locomotives. In 1924, Mr. Ripley ar- 
ranged for the cross-balancing of a large Santa Fe type loco- 
motive, and the author worked with Mr. Ripley on the pre- 
liminary computations of the balance for this engine. In 1926, 
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Mr. Ripley reported to the American Railway Association, 
Mechanical Division, that the experimental locomotive gave a 
satisfactory reduction in track stresses. On this foundation a 
considerable amount of improvement in locomotive balancing 
has been built. In 1930, the Committee on Locomotive Con- 
struction reported to the American Railway Association, Mechani- 
cal Division, a proposed method for dynamic or cross-balancing, 
and in 1932 the committee’s method was adopted by the Associa- 
tion as recommended practise. 

The present paper starts with the American Railway Associa- 
tion’s method of computation and modifies and extends this. In 
addition, a method is provided for a complete analysis of the 
inertia forces of an existing locomotive. Special attention is 
called to the method of presenting the results of this analysis. 
Although entirely accurate, the results are presented in very 
simple form. 

In each pair of wheels all of the inertia forces of the rotating 
parts and of the counterbalances are combined so that they are 
completely represented by two equivalent weights in each wheel. 
These weights act in the plane of rotation of the center of gravity 
of the counterbalance. In this plane one equivalent weight acts 
along the wheel diameter through the crankpin and the other 
perpendicular to this diameter. When this pair of representative 
equivalent weights is set down for each wheel, as shown in Fig. 
2, the exact conditions of balance of the locomotive can be seen 
very readily. The equivalent weight acting along the crank 
diameter represents, in each wheel, the overbalance or under- 
balance acting to balance or to reinforce the inertia forces of the 
reciprocating parts. The equivalent weight acting at right angles 
to the crank is a parasitic effect due to incomplete cross-balane- 
ing. The resultant of the two equivalent weights at right angles 
to each other, shown by broken lines in Fig. 2, determines the 
maximum value of the dynamic augment. If the parasitic effect 
is large enough to produce an undesirably large increase in the 
dynamic augment, it can be reduced by cross-balancing. 

With this as introduction, the method proposed by the author 
will be considered in more detail. The method is illustrated by 
using it to analyze the inertia forces set up by the rotating parts 
of an existing 4-8-4 type of locomotive. This engine, which has 
been in satisfactory service for about six years, has the main pair 
of driving wheels partly cross-balanced. The locomotive is of 
the 4-8-4 type, with dimensions as follows: 


Cylinders, diameter, in.......--+--+e sere reer rere ces 30 
Cylinders, stroke, in..........6 sees seer reer reece ee 30 
Driving wheel, diameter, in.........-.e sees ee reese 7 

Weight on first pair of GLTVETR: JO kos Eee ale cquetteltiasnea=ts 66,500 
Weight on second pair of drivers (main axle), lb........ 70,500 
Weight on third pair of drivers, lb........+e+ese+e sess 66,500 
Weight on fourth pair of drivers, Ib........-++-+++-++:- 66,500 
Total weight on drivers, lb.........----seeseeser trees 270,000 
Total weight of locomotive, Ib......-.-. ++ +e+eeeeeeeee 420,000 


When the original design of the locomotive was under con- 
sideration, it was stipulated that at diameter speed, that is, at 
73 mph, the combined static and dynamic rail load of any axle 
should not exceed 75,000 lb. 

This is a highly intelligent method of setting the limits to be 
worked to in counterbalancing. After each static axle load has 
been established, the difference between this static load and the 
permissible maximum of 75,000 Ib is the maximum allowable dy- 
namic augment permitted for the axle in question. From this 
can be computed the amount of overbalance which may be put 
into each wheel to balance the reciprocating parts. 

The locomotive under consideration had the main wheels par- 
tially cross-balanced. The analysis which follows shows that the 
final results in this pair of wheels differed somewhat from that 
aimed at. The deviation.is due to two causes. In the first place, 
the eccentric cranks were assumed to be concentrated at the 
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crankpin, while the present more accurate analysis takes into 
account the fact that the center of gravity of the eccentric cranks 
does not fall on the main crank radius. In the second place, the 
position of the counterbalance to give correct cross-balance for the 
rotating parts was determined, and the overbalance for the re- 
ciprocating parts was then added without changing the position 
of the counterbalance. 

The difference between the result aimed at and that obtained 
is not large, but is sufficient to show that any counterbalance 
scheme should be accurately analyzed before the locomotive de- 
sign is accepted as satisfactory. 

All computations necessary for an accurate analysis of the 
system of rotating parts are described in detail in the Appendix. 
A step-by-step method is used, so that those who carry out such 
computations infrequently may be able to follow the reasoning 
involved. 

Before considering the application of the method to the ex- 
ample, a word of explanation of the term “equivalent weight” is 
in order. This term has been introduced to simplify the mathe- 
matics and to avoid the necessity for introducing the speed of the 
locomotive. Instead of calculating with “masses” or with “‘cen- 
trifugal forces,” the “equivalent weights” are used. The inertia 
effect of each rotating mass is represented by its equivalent 
weight. Equivalent weight is defined as the weight of that mass 
which, rotating at crank radius about the axis of the axle, pro- 
duces the same centrifugal force as the mass represented. The 
equivalent weight is assumed to act radially through the center 
of gravity of the mass it replaces. 

If their positions, directions, and magnitudes are taken into 
account, the various equivalent weights can be resolved and com- 
bined just as though they were forces. They of course represent 
forces which are proportional to their magnitudes and to the 
square of the speed of rotation of the wheel. To speak mathe- 
matically, they are vector quantities. 

We now consider the processes by which, in each pair of wheels, 
the inertia effects of all rotating parts, including the counter- 
balances, are resolved into and represented by two pairs of equiva- 
lent weights. One pair acts in each wheel in the plane of rotation 
of the center of gravity of the counterbalance. In each of the 
counterbalance planes, one equivalent weight of the pair acts 
along the diameter through the crankpin, with the other weight 
of the pair acting at right angles to this diameter. 

The main pair of wheels is taken as an example. Weights and 
positions of the rotating masses are assumed to be as given in the 
Appendix. Steps in the analysis are illustrated in Fig. 1. First, 
by the method of section 1 of the Appendix, all rotating parts in 
one wheel, except eccentric cranks and counterbalance, are re- 
placed by a single equivalent weight of 2490 lb acting in a plane 
71.3 in. from the central plane of the counterbalance in the oppo- 
site wheel. (See Fig. la.) The distance between the central 
counterbalance planes is 62 in. This resultant equivalent weight 
of 2490 Ib must be resolved into two components, one in each 
counterbalance plane, as described in section 2 of the Appendix. 
When this is done for both wheels of the pair, each wheel has an 
equivalent weight of 2870 lb acting along the crank radius and 
an equivalent weight of 380 Ib at right angles to the crank, as 
shown in Fig. 1b. The inertia effect of the eccentric cranks must 
now be similarly resolved into two equivalent weights in each 
counterbalance plane. The method of computation is described 
in section 3 of the Appendix. The result is shown in Fig. le, 
together with the component equivalent weights already found 
for the other rotating parts. In the left main wheel the inertia 
effect of the eccentric cranks is represented by two equivalent 
weights. One weight, of 156 lb, acts along the main crank radius. 
The other, of 17 lb, acts along the radius 90 deg ahead of the 
crank. In the right wheel the components for the eccentric 
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£ee.Cranks 138 Se 
Other Parts 2870* 


Tota!l=3008 * 


Eee. Cranks 4/56" Reo 
Other Parts | 2870* 
7 2026 * 


73 “Fee Cranks 
380 * Ofer Parks 


Other (1c) 453* Topa/ 
farts 


Fig. 1 ANALysis or INERTIA Errects In Matin WHEELS 


(1a, equivalent weight representing all rotating parts in left main wheel except eccentric cranks and counterbalance. 
planes representing all rotating parts except eccentric cranks and counterbalances. i 
1d, equivalent weight and position of existing counterbalance and component equivalent weight representing counterbalance. 
le, component equivalent weights representing all rotating parts including counterbalances. 


parts except counterbalances. 


c _ 1b, equivalent weight in counterbalance 
1c, equivalent weight representing eccentric cranks and all other rotating 


1f, component and resultant equivalent weights in counter- 


balance planes of main wheels representing combined effect of all rotating parts including counterbalances.) 


cranks are 138 lb along the crank radius and 73 lb at 90 deg 
ahead of the crank. Owing to the position of the eccentric cranks, 
their effect is not symmetrical in the two wheels of the pair.” 

Combining the components of eccentric cranks and other ro- 
tating parts, the result is set down as in Fig. lc, and to this the 
inertia effect of the counterbalance as determined later is added. 
The locomotive under analysis had in each main wheel a counter- 
balance with an equivalent weight of 3170 lb, with its center of 
gravity set in each wheel 8 deg behind the crank diameter. (See 
Fig. ld.) This can be resolved into two components at right 
angles to each other, as shown in Fig. le. The detailed method 
for this resolution of the counterbalance effect into two component 
equivalent weights is given in section 7 of the Appendix. These 
components are an equivalent weight of 3140 lb along the crank 
diameter opposite the main pin and another equivalent weight of 
441 lb 90 deg behind the first. 

It is now only a matter of simple subtraction to arrive at the 
final result of Fig. 1f. The unbalanced inertia effect of all rotat- 
ing parts including eccentric cranks and counterbalance in the 
left counterbalance plane is represented by an equivalent weight 
of 114 lb along the crank diameter opposite the main pin and 
78 lb at 90 deg back of this. In the right-hand counterbalance 
plane the unbalanced inertia effects are represented by an 
equivalent weight of 132 lb opposite the right-hand crankpin and 


2 The author is indebted to Mr. C. H. Bilty, mechanical engineer, 
Chicago, St. Paul & Pacific Railroad Company, for calling attention 
to the desirability of considering the eccentric cranks separately from 
the other revolving parts on the crankpin. 


by another equivalent weight of 12 lb acting 90 deg back of this. 

Fig. lf gives a complete representation of the unbalanced 
inertia forces in the main wheels. All rotating parts, including 
eccentric cranks and counterbalances, are covered. In each 
counterbalance plane there are two component equivalent weights 
at right angles to each other. These can be combined into a 
single resultant as shown. 

The main pair of wheels being disposed of, the other coupled 
wheels must be dealt with in the same way. It is convenient to 
use a blank form similar to Fig. 1 for setting down the various 
steps in the calculation, omitting details which pertain only to 
the main wheels. Details of the computations are not given 
here, but the final results for the four pairs of main and coupled 
wheels are shown in Fig. 2. Except in the case of the main pair 
of wheels, the right- and left-hand wheels on each axle have the 
same equivalent weights, and therefore only one wheel of each 
pair is shown. The lack of symmetry in the main wheels is due, 
as explained above, to the position of the eccentric cranks. 

It is important to use a form similar to that of Fig. 2 for show- 
ing the results obtained, as this gives complete information re- 


- garding the unbalanced inertia forces in the simplest possible 


form. The information thus given puts the locomotive designer 
in a position to give critical consideration to the balance system 
which has been applied or which is proposed for application. 

The balancing of the locomotive under consideration will now 
be reviewed. Two points are of major importance: the dynamic 
augment and the amount of balance provided for the recipro- 
cating parts. 
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Resultant Equivalent 
Weight Producing 
Dynamic Augment 


Dynamic 
Augment 
at Diameter 


Maximum Combined 
Static and Dynamic 
Axle Load at © 
Diameter Speed 


Equivalent Weight 
Opposing 
Reciprocating Parts 


The force producing dynamic augment in each wheel is pro- 
portional to the resultant equivalent weight shown for that wheel 
in Fig. 2. This force is computed from the resultant equivalent 
weight by the usual formula for centrifugal force: 


F = 0.0000284 WRn? 
where F = force in pounds 
W = equivalent weight in pounds 
R crank radius in inches 
nm = revolutions per minute. 


ll 


At diameter speed—that is, at a speed of as many miles per 
hour as the driving wheels have inches of diameter—the wheels 
make 336 revolutions per minute. At this speed the centrifugal 


force is: 
F = 3.2 RW 


For the locomotive under consideration, which has a crank 
radius of 15 in., this equation takes the form 


F =48W 


That is, the maximum dynamic augment in each wheel is 48 
times the resultant equivalent weight in that wheel. Values cor- 
responding to this are shown in line 2 of the tabulation in Fig. 2 


for all of the wheels. The values here are the maximum values of 


the force which alternately increases and decreases the wheel 
load on the rail during each revolution. The maximum increase, 
or maximum dynamic augment, occurs in that position of the 
wheel in which the resultant equivalent weight is directed verti- 
cally downward. Itis evident that the maximum values for right- 
and left-hand wheels on one axle do not occur at the same time. 
Consequently, the maxintiim increase in axle load is not the sum 


Fig. 2 Component AND RESULTANT EQUIVALENT WEIGHTS REPRESENTING UNBALANCED INERTIA FORCES 


of the maximum increases in the two wheels. Section 5 of the 
Appendix gives a method for determining the maximum axle 
load and the corresponding position of the wheels when the re- 
sultant equivalent weights in the two wheels are different and 
are set at any angle. If the resultant equivalent weights are the 
same in both wheels of a pair and act at 90 deg apart, the maxi- 
mum axle load occurs when the resultants in both wheels are 
directed downward at an angle of 45 deg from the vertical. The 
maximum dynamic augment for the axle is then 1.414 times the 
maximum for each wheel. In the locomotive under considera- 
tion, this is the case for all of the coupled wheels except the main 
pair. 

In the main pair of wheels, the planes through the resultant 
weights and the axis of the axle stand at an angle of 119 deg 15 
min, and the resultants have the values of 138 lb in the left and 
132.5 lb in the right wheel. By applying the method of section 5 
of the Appendix, it is found that the equivalent weight producing 
the maximum axle load is 137 lb. This does not differ greatly 
from the individual resultants in the wheels. 

It should be noted that the relation between maximum axle 
load and maximum wheel load depends on the angle between the 
wheel resultants. The extreme cases are, (1) with zero angle 
between the resultants the increase in axle load is twice the wheel 
load, and (2) with 180 deg between the resultants the increase in 
axle load is zero. 

If the angle between the resultants is large, so that the increase 
in axle load is small, it will probably be desirable to consider the 
increase in wheel load as the limiting factor rather than the in- 
crease in axle load. The axle load measures the influence of the 
locomotive on a track unit such as a bridge, while the wheel load 
determines the influence on an individual rail. 
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Returning to a consideration of Fig. 
2: Line 3 shows the maximum dy- 
namic augment per axle at diameter 
speed and line 4 shows the static 
axle load. Line 5, the sum of the two 
preceding lines, gives the maximum 
combined static and dynamic axle 
load at diameter speed. As mentioned 
above, it was intended when design- 
_ing the locomotive that this combined 
"axle load should not exceed 75,000 lb. 
This limit is observed in the front- 
and back-wheel pairs, but is slightly 
exceeded in the main and third pairs of 
wheels. If an analysis had been made 
in this form before the locomotive 
‘had been built, it would have been a 
simple matter to determine the weight 
and position of counterbalances which 
would keep to the desired axle load. 

The general method is described me 
in section 6 of the Appendix. In the 
main axle, the maximum dynamic 
augment permissible is 75,000 — 70,500 
= 4500 lb. This corresponds to an 
' equivalent weight of 94 lb on the 


axle. If the resultants in the wheels 
are equal and act at 90 deg apart, the 29007 
value of each will be 66.3 lb. Assume (4c) 


then that each of the main wheels is 
to be balanced so that the resultant 
producing dynamic augment in the 
wheel is 66 lb. It is desirable to elimi- 
nate any parasitic effect and to have 
the full weight of this resultant acting opposite the crankpin so 
as to be available for balance of the reciprocating parts. 

In the left main wheel, the rotating parts are represented as 
shown in Fig. 3a by equivalent weights of 3026 lb along the crank 
diameter and 363 Ib acting 90 deg back of this. To produce the 
desired balance, the components of the counterbalance must be 
363 Ib opposing the same weight at right angles to the crank, and 


> ¥2900% 3637 


> 28777 
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3026 ~2900* 


feoocs 
Counterbalance 


(4b) 


ve 3026-2877" A= 149" Net 


(4d) 


Fie. 4 Incorrect AND Correcr Positions ror INSUFFICIENT COUNTERBALANCE 


(4a, component equivalent weights with insufficient counterbalance placed opposite crankpin. 4b, com- 
ponent and resultant equivalent weights representing unbalanced inertia forces of arrangement 4c. | 4c, 
position of insufficient counterbalance to give least possible unbalanced inertia force. 

lent weight representing unbalanced inertia force resulting from arrangement 4c.) 


4d, net equiva- 


3113 lb and changing the angle from 8 deg to 6 deg 42 min, the 
unbalanced resultant equivalent weight is reduced from 138 to 
66 lb, with a reduction of 3350 lb in the dynamic augment of the 
wheel at diameter speed. 

This illustration shows that when the present method is used 
to resolve the inertia effects into two equivalent weights in each 
wheel, it is a simple matter to determine the balance required 
to meet any desired conditions. 

By applying the same method to 
the right-hand main wheel, it is 
found that for complete balance, ex- 
cept for an overbalance of 66 lb op- 
posite the pin, the counterbalance 
must have an equivalent weight of 
3107lbset8 deg 23 min off the diame- 
r ter. The difference between the 
V30927+ 363° counterbalance found for the right- 


= aN * 


BIS and left-hand main wheels is not 
Counterbalance large. It is desirable for practical 
(3a) (3b) (3c) reasons of manufacture to make 


Fic. 38 DxtTeRMINATION or COUNTERBALANCE TO GIVE CoMPLETH Cross-BALANCE 


AND DESIRED OVERBALANCE OF 66 LB 


(3a, equivalent weights representing rotating parts to be balanced in left main wheel. 
equivalent weights representing rotating parts and desired counterbalance. 
equivalent weight giving counterbalance desired.) 


3026 + 66 = 3092 lb opposite the pin, as shown in Fig. 3b. 

These components, when combined as in Fig. 3c, show that the 

counterbalance itself must have an equivalent weight of 3113 lb, 

with its center of gravity set 6 deg 42 min back of the crank 

diameter. Comparing this with the counterbalance as applied, 

it is seen that by reducing the equivalent weight from 3140 lb to 
366.3 X 1.414 = 94. 


both wheels the same. A satis- 
factory balance can be obtained by 
giving the actual counterbalance in 
both wheels an equivalent weight 
of 3110 lb set at an angle of 7 deg 30 
min off the diameter. This weight and angle are obtained by 
averaging the values found as above for the right- and left-hand 
wheels. With this counterbalance the left wheel will have an 
overbalance of 56 lb and a resultant of 71 lb, while the right 
wheel will have an over-balance of 74 lb and a resultant of 87 lb. 
The left wheel is slightly underbalanced and the right wheel 
slightly overbalanced, but the difference is not serious. 


3b, component 
3c, components and resultant 
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In addition to the main pair of wheels, it will be seen from Fig. 
2 that the third pair also exceeds the proposed limit of 75,000 lb 
for combined static and dynamic load. The dynamic augment 
exceeds the estimated figure by 1450 lb, because the wheels were 
not cross-balanced. Cross-balancing would have involved chang- 
ing the equivalent weight of the counterbalance from 1130 to 
1133 lb and moving its center of gravity 4 deg 30 min away from 
the crank diameter. This would eliminate the parasitic effect of 
89 lb, leaving the overbalance the same, 117 lb, and reducing the 
resultant producing dynamic augment from 147 to 117 lb. This 
reduction of 20 per cent in the dynamic augment is well worth 
considering if the locomotive is being built to a closely restricted 
weight. 

In the fourth pair of wheels, the desired overbalance opposite 
the crankpin is 116 lb. The parasitic effect which could be elimi- 
nated by cross-balancing is 34 lb. These produce a resultant 
of 121 lb. Cross-balancing by eliminating the parasitic 34 lb 
would reduce the equivalent weight, producing dynamic augment 
from 121 to 116 lb—that is, by only 4.1 per cent. The reduction 
is hardly enough to be worth while. 

As a general rule, it may be noted that unless the parasitic 
effect to be eliminated by cross-balancing amounts to more than 
30 per cent of the overbalance the reduction in the resultant 
produced by cross-balancing will not be more than 4.5 per cent, 
and therefore hardly justifies the additional complication. 

Before leaving the balance of rotating parts, consideration 
must be given to the desirability of cross-balancing when the 
wheel centers are too small to allow the full amount of balance to 
be applied. Assume that in a main wheel the component equiva- 
lent weights representing the rotating parts are as found for the 
left main wheel of the locomotive already examined—that is, 
3026 lb along the crank radius and 363 lb at right angles to this. 
Assume also that the wheel design limits the equivalent weight 
of the counterbalance to 2900 lb. If this is put exactly opposite 
the pin, asin Fig. 4a, it is obvious that the unbalanced components 
will be as in Fig. 4b, 126 lb along the crank and 363 lb at 90 deg, 
giving an unbalanced component of 384 lb, producing dynamic 
augment. This can be reduced materially by shifting the equiva- 
lent weight of 2900 lb 7 deg 12 min off the crank diameter. As 
shown in Fig. 4c, this gives components of 2877 lb opposite the 
pin and 363 lb at right angles to this. The position is chosen so 
that the component at right angles to the crank diameter is just 
equal and opposite to the component of the rotating parts acting 
at right angles to the crank. The simple calculation required to 
determine the other component is obvious from Fig. 4c. The 
components being 363 and 2877 lb, the tangent of the angle at 
which the counterbalance must be set is 363/2877 = 0.1265, 
which is the tangent of 7 deg 12 min. Combination of the four 
components in Fig. 4c shows that the net unbalanced equivalent 
weight is 149 lb, as in Fig. 4d, instead of 384 lb when the counter- 
balance was directly opposite the pin, as in Fig. 4a. This large 
reduction in the unbalanced force producing dynamic augment 
makes cross-balancing well worth while, even though full balanc- 
ing is not possible. 

Consideration must now be given to the overbalance provided 
for the reciprocating parts. Fig. 2 shows that the overbalance 
amounts to 465 lb on the left-hand and 483 lb on the right-hand 
side. The locomotive under consideration had reciprocating parts 
weighing 2241 lb on each side of the engine. Approximately 80 
per cent of the weight of the reciprocating parts is unbalanced. 
This is very much more than the 50 per cent set up by the Ameri- 
can Railway Association as recommended practise. In spite of 
this, the locomotive rides satisfactorily. 

The fact is that the A.R.A. practise needs further consideration. 
In the first place, there iso logical reason for specifying the over- 
balance as a percentage of the weight of the reciprocating parts. 
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The proper course is to consider the unbalanced weight in com- 
parison with the total weight of the locomotive. The unbalanced 
portion of the reciprocating parts tends to shake the locomotive. 
This shaking is resisted by the inertia of the locomotive as a 
whole. Consequently, the stability of the locomotive is deter- 
mined by the relation of the mass of the whole locomotive to the 
mass of the unbalanced parts. This principle was stated by 
George R. Henderson over twenty-five years ago, but has not re- 
ceived the recognition it deserved. 

Henderson suggested that one-four hundredth of the weight 
of the locomotive might remain unbalanced on each side. That 
would be 2.50 lb unbalanced per 1000 lb of locomotive weight. 
The 4-8-4 type locomotive analyzed has 4.2 lb unbalanced per 
1000 lb. Other locomotives analyzed in the same way show 
unbalanced weights of 5.4 lb per 1000 for a 2-8-4 type and 3.8 lb 
per 1000 for a 4-6-4 type. All are reported to ride satisfactorily. 

The conclusion to be drawn is that if the rotating parts are 
properly balanced, it is only necessary to balance a compara- 
tively small portion of the reciprocating parts. 

Further study of results obtained in practise is desirable, but 
if the reports of such results are to have any value they must be 
based on an accurate analysis of the balance similar to that which 
has been described. 

To complete this examination of the inertia forces it is neces- 
sary to take into account the fact that the inertia forces of the 
reciprocating parts act in the vertical plane through the center of 
the main rod, while the inertia force of the overbalance acts in the 
central plane of the counterbalance. This difference in plane can 
usually be neglected. Its effect is to tend to turn the locomotive 
about a vertical axis. This tendency will have no perceptible 
effect on a long modern locomotive. In adjusting the overbalance 
to offset the inertia forces of the reciprocating parts, it is only 
necessary to consider the longitudinal forces. The couple about 
the vertical axis due to the difference between the planes of action 
can be neglected. Cross-balance is therefore not necessary for the 
overbalance for the reciprocating parts. 

In conclusion, the author repeats what he has said before in 
addressing the Society. It is important for railroad engineers to 
adopt an accurate method for analyzing the balance of a loco- 
motive. It is also highly important that the results which are 
obtained by the analysis be stated in a simple manner free 
from involved mathematics. If this is done, the advantages 
of proper balancing methods will be self-evident and improve- 
ments will follow. 


Appendix 


Locomotive Counterbalancing 


ScHEepULE oF Data aND ComMPUTATIONS FOR DETERMINING 
vTHE PRopER COUNTERBALANCE FOR LOCOMOTIVE 
Drivina WHEELS 


HE principles of the method and the results to be obtained 

are discussed in the body of the paper. This schedule is drawn 
up to present the detailed methods of computation to be followed 
in order to secure the results desired. 

Values corresponding to an actual locomotive are inserted for 
each item, and the schedule is arranged so that if it is rewritten 
with blank spaces for the values, it can be used as a work sheet 
for computing any other example. 

The notes at the end of each section define any special terms 
used and provide any necessary discussion of the methods. 

The data as to weights and dimensions called for by the 
schedule must of course be obtained from the design of the loco- 
motive. 
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Section 1—To Finp THE EQUIVALENT WEIGHT AND PLANE 
or ACTION OF THE Roratine Parts In Each WHEEL 


The schedule given here is drawn to cover the main pair of 


| driving wheels. It should be applied successively to each of the 


other pairs of drivers, dropping out the items which do not apply. 
This section of the schedule is illustrated by Figs. 5 and 6. 


1. HE = distance in inches between central planes of right- 


and left-hand counterbalances............... 62 in. 
2. Wy, = equivalent weight in pounds of crankpin hub, to- 
gether with part of pin encircled by hub!...... 500 lb 
3. A = distance in inches between centers of gravity of right- 
and left-hand crankpin hubs................. 71 in. 


4. M, = moment of crankpin hub parts about center plane of 
opposite counterbalance 
M, = Wi X (A + £)/2 = 33,200 in-lb 

5. We = equivalent weight in pounds of side rod carried on 
crankpin,‘ together with weight of part of crankpin 


encircled by side-rod bearing................ 550 lb 
6. B = distance in inches between center planes of side rods 
Sg kolo PCS ELI POLS 8 uc Ot OE OT oO Ohio Ufone 


7. Mz = moment of side-rod parts about center plane of op- 
posite balance 


M2 = W2 X (B + E)/2 = 38,200 in-lb 


8. Ws = equivalent weight in pounds of back end of main 
rod,‘ together with weight of part of crankpin en- 


circled by main-rod bearing................ 1440 lb 
9. C = distance in inches between center planes of main 
TOUS Me eens ROE R Se TCP cre ctr ire Salesian as 85 in 


10. M; = moment of main-rod parts about center plane of 
opposite counterbalance 


M; = W; X (C + £)/2 = 106,000 in-lb 


11. W: = sum of all rotating equivalent weights, except those 
for eccentric cranks 


W: items (2 + 5 + 8) 
Wi + We + Ws = 2490 lb 


12. M; = sum of all moments of rotating parts, except eccentric 
cranks, about center plane of opposite counterbalance 
M;, = items (4 + 7 + 10) 
= M, + M, + M; = 177,400 in-lb 


13. F = distance in inches between center of gravity of all 
rotating parts, except eccentric cranks, and center 
plane of opposite counterbalance 


F = item 12/item 11 
M./W: = 71.3 in. 


ll 


Notes on Section 1: 


Item 2. To find the equivalent weight of the crankpin hub, 
together with the part of the pin encircled by the hub, it is neces- 
sary to find the actual weight of these parts and their center of 
gravity. The weight to be taken into account is that of the cross- 
hatched area in Fig. 6 which lies outside the circumference of the 
axle hub. Then if: 


W = actual weight of these parts in pounds 

R, = distance in inches of their center of gravity 
from longitudinal axis of axle 

R radius of rotation of crankpin in inches 

W, = equivalent weight of these parts 


W,=W X Ri/R 


4 See Notes on Section 1. 
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“BWquivalent weight” of any part rotating about the longi- 
tudinal center line of the axle is defined as the weight of that 
mass which rotating at the crank radius would produce the 
same inertia force as the actual mass under consideration. The 
above example shows how the equivalent weight is found when 
its actual weight and the radius of rotation of its center of gravity 
are known. 

Item 5. The equivalent weight of the side rod carried on the 


D= Fecentrie Crank Centers 


A 
= Centerig f Gravit) 
: ¥ 
H 


' 
A ‘GZ 

R Crank Z 

1 | Radius 


Fic. 6 Portion or CRANKPIN Hus SHown Cross-HatcHepd To BE 
Taxen Into Account 4s ITEM 2, Section 1, APPENDIX 


crankpin is the actual weight supported by the pin. For the 
front and back drivers this is the weight of one end of one side 
rod. For the main and intermediate drivers it is the weight of 
one end of each of two rods. As the center of gravity of the 
side-rod end rotates with the same radius as the center of the 
crankpin, the equivalent weight of these parts is the same as 
their actual weight. 

Item 8. The equivalent weight of the back end of the main 
rod to be used in this item can be taken as approximately six- 
tenths of the total weight of the main rod. If strict accuracy is 
required, the weight to be used can be found from the equation: 


Wm2 == Wm xX k2/12 


where 
Wm = total weight of main rod in pounds 
1 = length of rod in inches between wristpin and main-pin 


centers 
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k = radius of gyration in inches of the main rod about the 
wristpin center 
Wo = weight of main rod to be considered as rotating at the 


crankpin. 
The radius of gyration k can be found by suspending the main 
rod to swing as a pendulum about the wristpin center. Then if 
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14. Wy, = component of left-hand rotating parts acting in 
center plane of left counterbalance 
W, = W. X F/E = 2870 lb 

15. Wr = component of left-hand rotating parts acting in 


center plane of right counterbalance 
Wr = Wi— W: = 380 lb 


Secrion 3—To Derterminn THE INERTIA Hrrecr 
oF THE EccentTRIC CRANKS 


Fig. 7* shows the relative positions of the eccen- 
tric cranks. The center of gravity of each crank does 
not lie on the main crank radius. ‘The crank cannot, 
therefore, be accurately represented by a single equiva- 
lent weight acting along the main crank radius. Hach 
crank must be represented by two equivalent weights 
acting, one along the crank radius, the other along a 
radius 90 deg ahead of this. This is illustrated by 
the isometric diagram in Fig. 8. In this, each eccen- 
tric crank is represented by two equivalent weights in 
the plane of rotation of the center of gravity of the 
eccentric crank. These four equivalent weights must 
be replaced by four others, two acting in each counter- 
balance plane. These are computed as follows: 


16. W. = actual weight in pounds of one eccentric 
crank, together with weight of part of crank 
pin encircled by eccentric crank... .172 lb 
length in inches of intercept of center of 
gravity of eccentric crank on crank radius 
(See Big: 7). cuss eee tego eke mens 10.4 in. 
length in inches of intercept of center of 
gravity of eccentric crank on radius 90 


re ee 


Fic. 7 Posrrion or Eccentric CRANKS deg ahead of crank.......::.... 3.15 in. 
2 = distance in inches of the center of ng® 
gravity of the rod from the wrist- 
pin center, and 36” 
i = time of one swing in seconds Eguivalent, Weights 
Répresenting | 
k? = 3.26 ta Right Ecce trie 
If the radius of gyration k cannot be oe i 
: . : a 
found experimentally, and if the main rod Fi cont : 
is of normal design, a reasonably close ap- of Locomotive 


proximation can be obtained by assuming a 
value of 0.6 for k2/l?. The eqnivalent 
weight of the back end of the main rod is 


then six-tenths of the total weight. Weights 


Representin 
left Pte 


Wm = 0.6 x Wm 
Section 2—To RESOLVE THE EQUIVALENT 
WHIGHT OF THE RoraTiInG Parts ON ONE 
Sipp oF A Pair or WueEExLs Into Two 
CoMPONENTS, ONE IN THE WHEEL CARRYING 
THE RovaTinGc Parts AND THE OTHER IN 
THE OpposITE WHEEL OF THE PAIR 


This section is illustrated by Fig. 1 (a) 


and (b). Items which were taken from sec- 
tion 1 are given the same number here. 


1l. W: = total equivalent weight of rotating parts (section 1), 
aisle aha coo chat N.S ae a pee eteias eckssete 2490 lb 
13. F = distance in inches from center of gravity of rotating 
parts to center plane of opposite counterbalance 
(section’ D) 35. SERCH He Rae cee tee 71.3 in. 
1. EH = distance between center planes of counterbalances 
(section?!) =':.25 nae ee ce eee ee 62.0 in. 


Equivalent a 


Fig. 8 Isometric Diagram ILLUSTRATING RmPLACEMENT OF EacH EccentrRIC CRANK 
By Two EquivaLEntT WoeicuHts ACTING IN THE PLANE OF ROTATION OF THE CRANK 


19. D = distance in inches between centers of gravity of 
eccentric cranks) (Bigs). -.a..tuie vee oven 91 in. 

1. E = distance in inches between the center planes of 
counterbalances i... je tardeys dy caleeea ett ooonets 62 in. 

R= crankmadiusinan chests rrcherctee: memeaetet ote 15 in. 
From these data are computed the component equivalent 


* The cranks are shown trailing. In Fig. 8 and the text, how- 
ever, they are assumed to be leading the crank pins. 
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weights which, acting in the planes’ left- and right-hand counter- 
balances, represent completely the inertia effects of the eccentric 
cranks. 


In Left-Hand Counterbalance Plane: 


20. Les = component equivalent weight acting along crank 
radius 
= a aya: (D — E)] = 156 lb 
~ ORE a Tee 
21. Le = component equivalent weight acting along radius 


90 deg ahead of crank 


Ww i A 
= Spy (D+ FE) — DO —B)] = Ib 


In Right-Hand Counterbalance Plane: 


22. Res = component equivalent weight acting along crank 
radius 
gene [b(D + EF) — a(D — E)] = 138 |b 
 2RE 
23. Rea = component equivalent weight acting along radius 
90 deg ahead of crank 
eae ltin [a(D + EB) + b(D — B)] = 73 lb 
- 2RE 


Note: The equivalent weights are not the same in the two 
counterbalance planes, although the resultant is the same in 
both planes. The reason for the lack 
of symmetry can be seen in Fig. 8. 
In the horizontal plane through the 
main axle the 36-lb component of the 
left eccentric and the 119-lb compo- 
nent of the right eccentric both act 
in the forward direction. In the 
vertical plane, on the other hand, the 
119-lb component of the left eccentric 
acts upward, while the 36-lb compo- 
nent of the right eccentric acts down- 
ward. 


Front of 
ee 
Locomotive 


Eccentric Cranks 
Other Rot. Parts 2870 


Secrion 4—To ComsinEe INERTIA 
Errect oF EcceNTRIC CRANKS AND 
OTHER RotTaTING Parts 


Insections 2 and 3 the inertia effect 
of the other rotating parts and of the 
eccentric cranks have been resolved 
into equivalent weights acting in the 
center planes of the two counter- 
balances. The net effect of all the 
rotating parts is found by adding 
the values found in the two preced- 
ing sections. The operation is illus- 
trated by Fig. 9. The quarters of 
each wheel are numbered for con- 
venience of reference. 


£ec. Cranks 
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Diameter Perpendicular to Left Crank: 
15. W, = equivalent weight representing other ro- 
tating parts at quarter (4) 380 lb 
21. Lea = equivalent weight representing eccentric 
cranks at quarter (2) 17 lb 
25. Ws’ = net equivalent weight at quarter (4) 363 lb 


In Right-Hand Counterbalance Plane, Diameter Through Right 
Crankpin: 


14. W, = equivalent weight representing other ro- 

tating parts at quarter (2) 2870 lb 
22. Rs = equivalent weight representing eccentric 

cranks at quarter (2) 138 lb 
26. W," = net equivalent weight at quarter (2) 3008 lb 

Diameter Perpendicular to Right Crank: 

15. Wr = equivalent weight representing other ro- 

tating parts at quarter (3) 380 Ib 
23. Rea = equivalent weight representing eccentric 

cranks at quarter (3) 73 |b 
27. W:;” = net equivalent weight at quarter (3) 453 Ib 


Fig. 9 illustrates these operations. The figures are the same 
as in Fig. 1 (c). Items 24, 25, 26, and 27 give the four equiva- 
lent weights which, acting two in each counterbalance plane, 
completely represent the inertia effect of all rotating parts, 


Fec.Crank 138” 


Other Rot; Parts °2780* 
Net = 3008* 


156"8 Net 


3026 * 


r: 73* £ec. Cranks 
Leow | 380% other Rot. Parts 


Other Rot. Parts 
5808 


Net 363 * 


Fic. 9 EquivALeENT Wericuts ACTING IN CENTER PLANES OF CoUNTERBALANCES REPRE- 


In Left-Hand Counterbalance Plane, 
Diameter Through Left Crankpin: 


14. W, = equivalent weight representing other ro- 

tating parts at quarter (1) 2870 lb 
20. Le = equivalent weight representing eccentric 

cranks at quarter (1) 156 lb 
24. Wy,’ = net equivalent weight at quarter (1) 3026 lb 


SENTING EccENTRIC CRANKS AND OTHER RoTaTING Parts 


including the eccentric cranks. Having these, it is a simple 
matter to complete the analysis of the wheels by adding the 
effect of the counterbalance as in Fig. 1 (f). The net equivalent 
weights representing counterbalances and all rotating parts are 
shown in Fig. 1 (g). Details of the operation are given in sec- 
tion 7. 
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Srcrion 5—To Finp THE PosiTIoN AND VALUE OF THE MaxIMUM 

Dynamic AxLE LoapD WHEN THE RESULTANT EQUIVALENT 

Weicuts Propucine Dynamic AUGMENT IN THE WHEELS ARE 
Not THE SAME 


This section is illustrated by Fig. 10. 


28. Wi = resultant equivalent weight in pounds producing 
dynamic augment in left-hand wheel........ 138 Ib 
29. W, = resultant equivalent weight in pounds producing 
dynamic augment in right-hand wheel..... 132.5 Ib 
30. Z = angle in degrees between planes in which the above 
equivalent weights act............. 119 deg 15 min 


In the position of maximum axle dynamic augment, assume 


31; Xx = 


angle in degrees between direction of left-hand 
resultant and the vertical 

angle in degrees between the direction of right- 
hand resultant and the vertical 


then Z — X = 


» 


138 WI cosX ae 
Equivalent Weight 
Froducing, Maxtmur7 
bynamic Augment 
iA Axle 


Fic. 10 Computation or Maximum Dynamic AUGMENT IN AXLE 


(When equivalent weight producing maximum dynamic augments in wheels 
have values Wi and Wr and stand at an angle of Z from each other.) 


It follows that 


Wi cos X = vertical component contributed by left-hand re- 
sultant 

W; cos (Z— X) = 
hand resultant 


vertical component contributed by right- 


Then Wi cos X + W, cos (Z — X) is the total equivalent 
weight producing the maximum dynamic augment in the axle. 
This has its maximum value when 


sin Z 
Wi/W, + cos Z 


With the values given above for Wi, W,, and Z, the value of 
X is found to be 57 deg 40 min. Then the total equivalent 
weight producing the maximum dynamic augment in the axle: 


Wi cos X + W, cos (Z — X) = 188 X 0.535 + 132.5 X 0.476 
74 + 63 
= 1371b 


tan X = 


Srcrion 6—DETERMINATION OF EQUIVALENT WEIGHT AND Post- 

TION OF COUNTERBALANCE TO BALANCE EXaAcTLy THE RoraTinG 

Parts AND ProvipE A GIvEN OVERBALANCE FOR THE RECIPRO- 
CATING PARTS 


This section is illustrated by Fig. 3. A blank diagram similar 
to Fig. 3 should be used,and the values should be filled in as 
described. In the following description the diagram is assumed 
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to represent the left-hand wheel of the pair and the quarters are 
numbered 1, 2, 3, and 4, quarter No. 1 being that of the left-hand 
crankpin. 
24. Wy,’ = component of rotating parts acting in plane of left 
counterbalance at quarter (1); see section 4. .3026 lb 
component of rotating parts acting in plane of left- 
hand counterbalance at quarter (4); see section 4 
OE A Oe LO cumiie sean owe 363 lb 
equivalent weight of overbalance to be added to 
oppose the reciprocating parts.............. 66 lb 
The value to be given this item may be chosen 
arbitrarily. The better plan is to determine it to 
hold the dynamic augment to a definite limiting 
value. 
component of counterbalance to act in quarter (3), 
opposite the crankpin: 

Item 29 = Item 24 + Item 32 = 3092 lb 
component of counterbalance to act in quarter (2): 


Wa — W,’ = 363 lb 


resultant equivalent weight of counterbalance to 
produce the components shown in quarters 3 and 4 
in Fig. 8 (a): 


We = \/Wat + Wet = 3113 Ib 


angle which radius through center of gravity of 
counterbalance makes with the diameter through 
quarters 1 and 3: 


tan a = We/We = 363/3092 
0.1275 
a = 6 deg 42 min 


PAs, W,’ = 


32. Wo = 


oon Wes = 


34. We > 


35. We = 


The equivalent weight and position of the counter- 
balance thus determined are shown in Fig. 3 (c). 

Note: In designing the actual counterbalance to have this 
equivalent weight proper allowance must be made for the equiva- 
lent weight of the spokes and rim adjacent to the crankpin hub 
which occupy the space corresponding to the space covered by 
the counterbalance in the opposite quarter of the wheel. 

The counterbalance determined by Items 35 and 36 will 
exactly cross-balance the reciprocating parts, and the only un- 
balanced mass producing dynamic augment will be the over- 
balance of equivalent weight Wo acting in quarter (3) directly 
opposite the crankpin. 

It may be noted that it is important to cross-balance when the 
value of W;, the component due to the rotating parts of the 
opposite wheel, is large compared with Wo, the overbalance. 

If W,; does not exceed one-quarter of Wo, it is unnecessary to 
cross-balance. If W, = 0.25 Wo, a counterbalance of equivalent 
weight Wes = W:1— Wo can be placed directly opposite the pin 
at quarter (3) and the dynamic augment will not exceed that of 
the cross-balanced wheel by more than 3 per cent. This is 
practically negligible. : 


Srcrion 7—ANALYSIS OF A GIVEN COUNTERBALANCE TO DE- 
TERMINE THE OVERBALANCE AND Dynamic AUGMENT 


This section is illustrated by Fig. 1 (d) and (e). 


37. We. = equivalent weight of counterbalance in pounds 
PO i cet hss Re onset te eaeaetrears 3170 lb 
38. 6 = angle made by radius through center of gravity of 
counterbalance with diameter through quarters (3) 
FRG GO oT sali (Ole Bianeerencwnelecaccace 8 deg 
39. Wes = component of counterbalance acting at quarter (3) 
We = cos B X W. = 3140 lb 
40. We = component of counterbalance acting at quarter (2) 


We = sin B X We = 441 lb 
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Discussion 


A. I. Lirrrz.§ I quite agree with the author that “it is not easy 
to see why American civil and mechanical railway engineers have 
neglected for so long the proper balancing of locomotives,’’ espe- 
cially in view of the fact that ‘in Europe correct balancing of 
locomotives has been common practise.” This situation has been 
always a puzzle to me, because at least one American engineer 
contributed a great deal to the question of counterbalancing in 
the early days of locomotive construction. Thomas Rogers, 
* founder of the Rogers Locomotive Works, patented as early as 
1837 the application of counterbalance opposite the crank with 
sufficient weight to counterbalance the crank and connecting rods, 
thus introducing counterbalancing of revolving parts. 

Up to 1845 it was customary to balance only revolving weights, 
and the balancing of reciprocating weights was not recognized 
until later, when some European engineers started investigations 
of the problem of balancing. The disturbances caused by the 
unbalanced inertia forces first became apparent when Nollau® in 
Germany made tests with a locomotive suspended by chains from 
a roof, although previously to that W. Fernihough in England, 
in October, 1845, suggested and apparently tried’ the use of 
weights for counterbalancing main rods, pistons, and other re- 
ciprocating parts. 

Le Chatelier in France, in 1848, made tests similar to Nollau’s 
and enunciated a very complete theory of balancing which is now 
known as cross-balancing. He published his theory in 1849,° 
and shortly afterward his theory was further developed by vari- 
ous investigators, mostly French.’ Later the correct method of 
cross-balancing was popularized for the English-reading public 
by Daniel Kinnear Clark in his classic work book “Railway 
Machinery,’’® published simultaneously in Glasgow, Edinburgh, 
London, and New York. 

Since then, all textbooks appearing in French,’° German,’ 
Russian,!? Hungarian, !* Japanese, !4 and other languages made use 
of the Le Chatelier-Clark method as the only correct way of 
balancing locomotives. Locomotive builders all over the world, 
except the United States, adopted this method of counter- 
balancing. Some American books!* also expounded the cross- 
balancing theory, although they did not recommend it for 
practical use, and in England Professor Dalby, in his well- 
known book, “The Balancing of Engines,” developed very con- 


5 Consulting Engineer, American Locomotive Co., Schenectady, 
N. Y., and Non-Resident Professor of Locomotive Engineering, 
Purdue University, Lafayette, Ind. Mem. A.S.M.B. 

6 Journal des Chemins de Fer Allemands, October, 1848. 

7 Report of the Gage Commissioners, 1846. 

8 Etudes sur la Stabilité des Machines Locomotives en Mouvement, 
by Le Chatelier, Paris, 1849. (This and references 6 and 7 are 
quoted from ‘‘Railway Machinery,” D. K. Clark, 1855, p. 166.) 

9 Voie, Matériel Roulant et Exploitation Technique des Chemins 
de Fer, by M. Ch. Couche, Paris, 1873, vol. 2, p. 389. 

10 [bid., p. 411, and the subsequent French literature on locomo- 
tives; for instance, ‘‘La Machine Locomotive,” by E. Sauvage, 
Paris, 1918, pp. 211-212. 

11 Die Gesetze des Lokomotivbaues, by F. Redtenbacher, Mann- 
heim, 1855, pp. 132-134, and subsequent German literature on 
Locomotives, for instance, Kurzes Lehrbuch des Dampflokomotiv- 
baues, by F. Meineke, Berlin, 1931, pp. 108-109. 

12 “Parovozy’” (Steam Locomotives), by Romanoff, St. Peters- 
burg, 1903. 

13 “T.okomotivok,” by Dr. Szib6 Gusztév, Kapus LAszl6, Buda- 
pest, 1919, pp. 114+119. 

14 “Tocomotive Engineering,’ by Mori and Matsuno, vol. 2, pp. 
275-277; published by the Okura Book Co., Inc., Tokyo, Nitron- 
bashi, 1926, eighth edition. Also Locomotive Designers’ Handbook 
Nos. 232-2, 232-3, issued and printed by Rolling Stock Section, 
Department of Mechanical Engineering, Japanese Government 
Railways, 1931. 

18 “Locomotive Operation,’ by G. R. Henderson, published by 
Railway Age, Chicago, 1904, pp. 70-72. 
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venient graphical methods of cross-balancing. Incidentally 
the tables given in his book are almost identical with the schedule 
given in the Appendix to Mr. Fry’s paper.*® 

I have been looking for a long time for an explanation of the 
fact that cross-balancing of locomotives was not common prac- 
tise in the United States. On the basis of the theory that nothing 
in engineering, like in nature, can exist for a long period of time 
without a justifiable reason, I tried to reach some explanation in 
my discussion of Dr. R. Eksergian’s paper “The Balancing and 
Dynamic Rail Pressure.”!” To a great extent such a condition 
was probably due to the attitude of the American’ Railway Asso- 
ciation, Mechanical Division, which followed for many years 
certain rules of what is called “‘static balancing” and did not 
recommend cross-balancing until 1931.18 Locomotive builders 
nevertheless, were applying the cross-balancing method to loco- 
motives, when specified, as it is evidenced by applying the correct 
method in locomotives built for use abroad, like France in 1908, 
Russia during the war, and Japan after the war, and some iso- 
lated cases for different experimental locomotives, in the United 
States since 1905. 

Cases are known when American railroads recently converted 
statically balanced high-speed passenger locomotives into cross- 
balanced. That the question of cross-balancing is attracting 
attention now more than before is probably due to the increase 
in speed of our present-day locomotives, both passenger and 
freight, the limitations of weight, and the necessity of refinements. 
I should therefore say that Mr. Fry’s paper is very timely, not- 
withstanding the fact that a long time has elapsed since the cor- 
rect method of balancing was made known to the world by 
Le Chatelier. 

In my opinion, of all the questions of locomotive engineering, 
counterbalancing is probably the only complete, well-founded, 
and clear-cut exposition of a theory which permits the establish- 
ing of indisputable formulas and laws. Even in its general alge- 
braic form it is very simple and does not call for “simplifica- 
tions.” The whole theory of counterbalancing can be represented 
by the following five formulas: 


D+E C+#E 
Ch) ae k Tm ele smelt sins ats 
Wain moaa DEM mon [1] 
Wea = We— 2 Wh Wee... ores sce [2] 
We a V/ Wes? + W cx” anikeyiaiter<ieieltal latte teh sell sieis tn .oinlie [3] 
tana = as Ee eee el eee ne omy [4] 
Te BOA De hs Smeg cE aOR Oo PDO REGO [5] 


The designations are mostly those used by the author. Symbol 
> stands for the sum of products given by him in Appendix; 
W are the various weights Wi, W2, Ws, Ws of revolving parts, 
and D stands for the corresponding distances A, B, C, D of the 
Appendix. Coefficient & is the percentage of balancing of re- 
ciprocating weights in the particular wheel, K is the total per- 
centage of balancing of reciprocating weights of the locomotive. 
Wre is the value of these weights on one side. Other symbols are 
the same as used by Mr. Fry. 

The author is actually following these formulas. Although he 
asserts that the analysis which he made is stated in a simple, 
non-mathematical manner, it is hardly so. Arithmetic is also 
part of mathematics, and the author’s arithmetic in the Appendix 


16 “The Balancing of Engines,” by W. E. Dalby, London, 1907, 
p. 82. 

17 A.S.M.E. Trans., 1929, paper no. RR-51-5. 

18 Proc. Am. Ry. Assn., Division V, Mechanical, 1930, pp. 805— 


828, and 1931, p. 99. 
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is actually carrying out a numerical example by using the fore- 
going formulas, at least in so far as the revolving weights are con- 
cerned. As regards the reciprocating weights, there is a slight 
difference; namely, in the example worked out by the author, 
the excess balance is added to the large component of the rotating 
balance (Appendix 1, section 6, item 33), while in the cross-bal- 
ancing method that part of the reciprocating weights which is to 
be balanced in this particular wheel would be added to the part 
of the revolving weights Ws; which is balanced in the plane of the 
main rod (Appendix, section 1, item 8), thus requiring no addi- 
tional calculation. 

The difference between the results of these two procedures is 
this: In the ordinary method the percentage of balancing of the 
fore-and-aft. vibrations is different from that of the nosing vibra- 
tions of the locomotive; or, in other words, the balancing of the 
forces is different from the balancing of the couples due to forces 
of inertia of reciprocating parts, whereas by the cross-balancing 
method forces and couples are balanced to the same. degree, and 
the meaning of the term “percentage of balancing” assumes 
definiteness which is lacking in the ordinary method. So, for 
instance, the author states that the weight of the balanced re- 
ciprocating parts is 465 lb on the left-hand and 483 lb on the right- 
hand side, an average of 474 lb, which in reference to the total 
reciprocating weights on one side (2241 lb) may seem to amount 
to 21.1 per cent, but the actual percentage of balancing the 
couples will be, using the author’s designations, represented by: 


il cal = 211K 178 pe t 
Sl = 21. = 17.8 per cen 


or less than the percentage of balancing the reciprocating forces 
(21.1 per cent). It is true that while the difference between these 
two figures may seem large, these figures do not represent the 
actual conditions, because the unbalanced, not the balanced, 
forces and couples are what actually matters, and they are 78.9 
per cent in the case of forces and 82.2 per cent in the case of 
couples. 

Thus the difference between the two methods is slight. But 
there is no real balancing of forces, unless the moments (couples) 
are balanced too. Moreover, the percentage of balancing has no 
real meaning, if the couples are neglected. The writer is, there- 
fore, of the opinion that cross-balancing is also preferable with 
respect to reciprocating weights. 

As to the dynamic augment, it is immaterial which method 
is followed, as long as the excess balance in the wheel is the 
same. If there should be a slight numerical difference, it would 
be due to the fact that the smaller figure might be an approxi- 
mate one while the other is the correct one. 

It is interesting to note that the author, in section 3 of the Ap- 
pendix, resorted to a rather involved algebraic method in deter- 
mining the components of inertia forces of the eccentric crank. 
Everybody who can master these formulas (items 20 to 23) will 
be able to follow the formulas of the cross-balancing method in a 
general way, and need not be shown a numerical example in the 
belief that he is avoiding mathematics. It is further interesting 
to note that in this particular point a simplification is possible 
when, as the case normally is, the right and left main wheels are 


made from one pattern. In this case the author recommends to’ 


consider the averages of the components acting along the crank 
radius and at 90 deg to it. But from items 20 to 23, using Fig. 9, 
it can be seen that 


Lo+Re WboD+E 
2 “ho ok 


Rea — Lea pe Wb D—E _Le+Re Wh 


2 R 2E 2 R 
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In other words, we may consider the equivalent weight of the 
eccentric crank (Wb/R; see Fig. 7) as a revolving weight attached 
to the crankpin in the plane of the eccentric crank, and need not 
be bothered with intercept a or any eccentric crank calculations. 

By the way, I wish to mention that the Russian Decapods 
built in 1916-1917 in this country had counterbalances figured 
by the cross-balancing method with taking into account the 
equivalent weights of the eccentric crank (and also half-weights 
of the eccentric rod), and averaging the counterbalances and 
angles of the right and left wheels resulting from calculations in 
accordance with the author’s suggestions. '° 

I agree with the author that the revolving parts should be com- 
pletely balanced, so that no parasitic forces should take place. 
It is very essential that the revolving weights should be balanced 
completely, because otherwise the balance of the reciprocating 
weights is unfavorably affected. As the balances for both re- 
volving and reciprocating weights are combined into one balance 
in the wheel, the action of the counterbalance for balancing the 
reciprocating weights does not start if and until the complete 
balancing of the revolving weights takes place. Consequently, 
if there is a deficiency in the balances of the revolving weights, 
the balancing of the reciprocating weights is impaired. 

This is borne out by some of the author’s numerical examples 
and because of that I do not understand the author’s attempt to 
introduce simplifications in the balancing of revolving weights. 
I have in mind his statement “that unless the parasitic effect 
to be eliminated by cross-balancing amounts to more than 30 per 
cent of the overbalance, cross-balancing hardly justifies the addi- 
tional complication.” The writer cannot agree with this state- 
ment, as it should be remembered that no real simplification will 
be achieved by neglecting the small component and the angle of 
the balance. The calculation has to be made anyway, in view of 
the differences in planes, and in order to determine the major 
component; and the increase in the amount of work involved in 
the calculation by figuring the other component and the proper 
angle, as well as in preparing the pattern of the counterbalance, 
of the proper size and direction, is so insignificant that it is hardly 
possible to consider it a complication. I could never appreciate 
the “simplification” of saving a calculator several hours of work 
in a design of a locomotive, the building of which requires tens of 
thousands of man-hours, especially as very often only one caleu- 
lation is made for a great number of duplicate locomotives. 

I think cross-balancing should be made on all coupled wheels, 
irrespective of the ratio of the components or of the angle, and 
this for the sake of correct balancing of the reciprocating weights. 

Another point I wish to touch upon is the distribution of the 
excess balance between coupled wheels. The author’s example 
proves that very little is gained by placing an excess balance in 
the main wheel. The main axle is usually the one with the 
heaviest load. In addition, there is a piston-thrust component 
increasing the load on the main wheel during the forward move- 
ment of the locomotive, which the author did not take into con- 
sideration. At long cut-offs and low speeds this component 
amounts to a considerable force, sometimes 12,000 to 15,000 
lb per wheel. At high speeds, when the counterbalancing effect 
gets into play, this component is much smaller—probably not 
over several thousand pounds, due to the shorter cut-off used at 
the higher speed. Nevertheless, this should not be neglected 
in considering the maximum permissible load. In view of this, 
as suggested by me in my discussion of Dr. Eksergian’s paper, 
it would be just as well to leave the main wheel without any 
excess balance, and have it properly cross-balanced for revolving 
weights only. The balance for the reciprocating weights could 
be distributed among the coupled axles. 


19 A. I. Lipetz, “Russian Decapod Locomotives Built in the United 
States” (in Russian), New York, 1920, pp. 148-149. 
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Summarizing my remarks, I should say that I am in favor of 
applying the correct cross-balancing method for all revolving 
weights (both for main and coupled axles), as well as for balancing 
reciprocating weights, and for omitting the overbalance for 
reciprocating weights on the main wheels. 


S. 8S. Riseeu.2° The author has long been known as one of the 
pioneers in improving locomotive counterbalancing and has 
done much very valuable work on the subject. I am in accord 
with all of his points and recommendations. 

As this subject was placed before the A.R.A. Locomotive 
Construction Committee, of which I am a member, Mr. Fry 
brought the present information to our attention early in the year, 
as he contemplated, if possible, reading it there, so that our com- 
mittee had opportunity then to benefit by his constructive criti- 
cism, and a supplementary recommendation was made by the 
Locomotive Counterbalancing Committee in June, 1932, and is 
now a matter of record there. 

In view of this fact it may not be amiss to review this part of 
our supplementary report as it, to a considerable extent, fits as 
a discussion of Mr.<Fry’s recommendations now advanced. I 
believe it will be as interesting here as it was there. In substance 
this is, namely: 

In the modern superpower locomotives with large firebox 
overhang and weight, it seems permissible to regard considera- 
tions of nosing and swaying as less important when judging effects 
of the reciprocating balance on the smoothness of operation or 
riding qualities. This leaves only the fore-and-aft oscillations 
whose magnitude is in direct proportion to the total mass of the 
locomotive and the force causing the oscillation, which in turn is 
a function of the mass of the unbalanced reciprocating parts and 
its frequency of vibration. 

The design of a locomotive modifies according to individual 
designers of separate railroads and builders, and is influenced by 
changes in transportation developments and demands. In some 
regions the traffic demands require high tractive effort with low 
total weight, concentrated on drivers and large reciprocating 
parts, while in others, even on the same road, a unit of equal or 
lower tractive force capable of higher sustained horsepower is 
needed. ys 

The recent trend in locomotive building is toward the latter 
type; so that when we compare this with the older lighter units, on 
the basis of ratio of percentage of reciprocating weight balanced, 
we obtain from the modern locomotive a higher figure for pounds 
of total weight per pound of unbalanced reciprocating weight 
and have smoother operating units, or what may be more logical 
we can balance a lower percentage of the reciprocating weight 
and thus by increasing the unbalanced portion, retain the figure 
for pounds of total weight per pound of unbalanced reciprocating 
weight, and the newer locomotive will be as smooth in operation 
and cause lower track stresses. This will compensate in some 
measure for the increased weight per driver of the modern high- 
speed superpower locomotive. 

The real question to determine in all this is: Which is to be 
permitted to suffer more, the rail and track structures or the 
locomotive? For, certainly if the recurring load is lifted from the 
track, it must be borne by the boxes, frames, and other parts of 
the running gear of the locomotive, whether considered as a per- 
centage of the reciprocating weight, the ratio of the unbalanced 
weight to the total weight, or something else. A series of tests 
might be made with instruments to record the track stresses 
and the vibrations of the locomotive, to definitely determine the 
magnitude of these forces and movements and thereby increase 
the total sum of human knowledge. It is doubtful, however, 


20 Mechanical Engineer, Delaware, Lackawanna & Western Rail- 
road Co., Scranton, Pa. 
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if a compromise could be made even then that would be perfectly 
satisfactory to both bridge and right-of-way interests and to 
those operating and caring for the locomotive. 

There appears to be, however, one aid left which has long been 
recognized but not given the utmost consideration it deserves; 
namely, the lightening of reciprocating parts by use of higher 
strength alloy steels and non-ferrous metals. Lately many 
metallurgical advances have been made that were eagerly taken 
up by other industries. Perhaps our present steels of 60,000 to 
80,000 lb per sq in. tensile strength should be replaced by those 
of 100,000 to 120,000 Ib tensile strength, effecting saving of 30 
to 40 per cent in weight with advantageous results. 

It is believed that by the use of such alloy steels for main rods, 
crossheads, pistons and piston rods, and possibly aluminum- 
alloy crosshead shoes and piston bull rings, the unbalanced re- 
ciprocating weight can be reduced several hundred pounds per 
side. When we realized that any addition or reduction in the 
reciprocating weight increases or decreases the force on the 
driving boxes by 45 to 55 times its amount, at diameter speed, 
or by 64 to 78 times the force tending to shake the whole loco- 
motive, it can be appreciated that even slight reductions of weight 
of these parts is worth while. Equally, then, some of this reduc- 
tion can apply to reduce the reciprocating balance, which also is 
multiplied by the greater figure above stated to include both 
sides, and this also may be amplified by as much as 20 for the 
bridge stresses when the recurring load synchronizes with the 
natural frequency of the bridge span. 

Considering the second, it seems, as may be expected from its 
simplified nature, that several refinements to the method out- 
lined in the A.R.A. Committee Report of 1930 have been sug- 
gested. One, the weight to be added to the main wheel for part 
of the reciprocating balance should be added to the main re- 
volving balance, designated W. in the report, before it is com- 
bined with the weight added to offset the cross-effect of the over- 
hanging parts. This point is well taken, as the reciprocating 
balance should naturally be placed directly opposite the crank- 
pin and not at an angle with it as previously obtained. By doing 
this, the main-wheel balance can be reduced in weight and a new 
slightly less angle for the balance be obtained. This refinement 
is to be recommended. 

If desired to introduce further refinements, another suggestion 
is to cross-balance the intermediate driver, as an appreciable re- 
duction of rail blow from this driver can in some cases be effected 
thereby. This is consistent, and while not stated, it was implied 
in the report and can also consistently be definitely recommended. 

It is most important especially that greater exactness and care 
be observed in securing the weights we need in the balances and 
to see that like weights are applied in opposite wheels, as care- 
lessness in allowing dissimilar weights to be placed in opposite 
wheels will have very disturbing effects, since we are now operat- 
ing at much higher speeds. 


A. H. Ferrers.?! I notice that the author uses the A.R.A. 
method as a basis. I have been practising this method verbatim 
for several years with satisfactory results. I have ridden many 
engines before and after having been cross-counterbalanced at the 
main wheel, and I find that the riding qualities of a locomotive 
are not always a safe guide to a perfect balance, especially if the 
main axle happens to be under or near the virtual center of the 
locomotive, as in this case the vertical component due to over- 
balance or underbalance does not, exert its effect in teetering the 
engine, and therefore the effect is not felt in the cab. I have 
ridden a 4-8-2 with a cross-overbalance of 300 lb, and while the 
dynamic augment was 26,000 lb, it did not show up in the cab. 

21 General Mechanical Engineer, Union Pacific System, Omaha, 
Neb. 


444 


Had any other axle on this locomotive been off-balance to that 
or less extent it would have shown up in the cab as a very rough- 
riding engine. Again, I have found many other physical things 
that caused rough riding that it is difficult to determine by trial 
if the counterbalance or some other factor is responsible for rough 
riding. I have put some engines in ideal counterbalance, and they 
would ride smooth one trip and very rough the next, due to stuck 
wedges, fouled equalizers, slack between engine and tender, and 
similar causes. We can depend, however, on proper calculations 
and applications of the cross-counterbalance to the main drivers 
to reduce dynamic augment, thereby reducing damage to track 
and wear of machinery of the locomotive. 

In view of the gradually increasing speeds of locomotives in 
freight service the last few years, the subject of cross-counter- 
balancing main wheels becomes of still greater importance than 
formerly, and the mechanical organization of any road which 
overlooks this fact and fails to take advantage of this very obvious 
improvement is remiss in its duties. 


D. J. SuerHan.2? Since the subject of cross-counterbalance of 
locomotives became a subject of common discussion about four 
years ago, there have been many queer ideas advanced concerning 
counterbalance in general. To the busy mechanical engineer 
on the average railroad, who accepted the discussion of out-of- 
plane forces and dynamic balance as the work of the theorist and 
the master mind of locomotive design, it was merely another 
method of counterbalance. It was probably all right and would 
give results as satisfactory as the method that he had been using 
for the past fifteen or twenty years. But he was not having a lot 
of trouble with counterbalance considered from the standpoint 
of the old static balance method, and it was much easier to handle. 
Some day when he had time he would study this new method at 
least so that he could talk about it. 

One day this mechanical engineer had a report that one of his 
passenger engines was riding rough and jumping up and down. 
He rode this engine and confirmed the report. When the counter- 
balance was checked by the old method of static balance, the 
figures indicated that 65 per cent of the weight of the recipro- 
cating parts were balanced, the balance equally distributed among 
all the wheels. However, an additional weight equal to 175 lb 
at crankpin radius was applied. The subsequent reports indi- 
cated that the engine rode considerably better, but still vibrated 
up and down. 

Imagine the astonishment, when the counterbalance was 
properly checked, with due consideration to the forces acting 
outside of the plane of the balance at their proper moment arms, 
and the results indicated that the balance in the main wheel 
still lacked approximately 100 lb at crankpin radius to balance 
the out-of-plane revolving forces. 

Needless to say, when this engine was finally returned to ser- 
vice, properly counterbalanced for the forces acting in various 
planes outside the balance, both in the near and in the far 
wheel, the reports indicated that the locomotive rode like a 
“Pullman.” 

This little story, while possibly a little exaggerated, indicates 
the urgent need for a simple method of consideration of the sub- 
ject of cross-counterbalance of locomotives. The engineer who 
spends a little time studying this subject soon discovers that 
primarily it contains only the simple fundamentals of mechanics, 
but he has thus far been somewhat frightened by complicated 
discussions and intricate mathematical analysis of the subject. 
Several unfamiliar terms such as out-of-plane forces, dynamic 
balance, dynamic augment, rail load, track load, and others were 
not to be found in his vocabulary of common usage. 


22 Mechanical Assistant to the President, Chicago and Eastern 
Illinois Ry. Co., Chicago, “Ill. 
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This subject is most important, and a simple method of analysis 
will greatly assist the busy railroad mechanical man to grasp the 
true significance. 


Joun A. Pincner.®* The paper outlines the principles involved 
in counterbalancing steam locomotives. The author has gone 
into a refinement of the counterbalance that is often very much 
neglected. The counterbalancing of a locomotive is entirely a 
compromise as between the horizontal and vertical forces. He 
has outlined the subject in a very intelligible way, showing the 
significance and importance of cross-balancing. 

Reference is made to what are called ‘parasitic forces.”” These 
are forces introduced by improper location of the counterbalance. 
In other words, the component of the counterbalancing forces 
may be in a direction which is not available for balancing the 
reciprocating forces, but which would tend to increase the 
dynamic augment. In this connection it is significant to realize 
that in the case of non-cross-balanced engines the entire force of 
overbalance is not available for balancing the reciprocating 
weights. 

The author points out the fact that by.properly placing the 
counterbalance—that is, by shifting it the proper amount from 
the position directly opposite the crankpin—its effectiveness can 
be materially increased without increasing the weight of the 
counterbalance itself. This may be particularly valuable in 
counterbalancing engines in which the room in the main wheel 
is so limited as to make it impossible to secure as much balance 
as is desired. The importance of the cross-balancing is con- 
tinually increasing on modern locomotives having heavy rotating 
parts and wide cylinder spacing, thus placing the plane of the ro- 
tating and reciprocating parts a very considerable distance out- 
side of the plane of the counterbalance. 


A. Giest-Giestincen.”4 It might be interesting to note that 
the author’s figures for the weight of the unbalanced recipro- 
cating masses compared with the weight of the locomotive cor- 
respond exactly to those for the 2-8-4 type passenger locomotive 
of the Austrian Federal Railways®® where said unbalanced re- 
ciprocating masses are 1/231 of the engine weight exclusive of the 
tender. The writer is glad to acknowledge from his experience 
that this ‘and similar relations proved entirely satisfactory. He 
would like to add some information which he found to be a good 
guide in quantitatively answering the questions connected with 
counterbalancing of locomotives. 

One of the primary questions is: How great a dynamic aug- 
ment may be permitted as a result of balancing the reciprocating 
masses (or, generally speaking, as a result of any free centrifugal 
force influencing the wheel pressure)? Many European railroads 
limit this dynamic augment, for the maximum operating speed, 
to 15 per cent of the static wheel load. This is a very conserva- 
tive figure; it is often being exceeded in other countries on per- 
fectly satisfactory locomotives. Two distinctly different con- 
siderations enter here: First, the limit imposed by the track 
structure and, second, the fluctuations of the wheel pressure that 
may be consistent with safe riding. Some light is thrown on the 
former by results obtained on a test track supported by helical 
springs, installed by Dr. Wirth of the Austrian Federal Rail- 
ways in 1928.2 Under the above-mentioned 2-8-4 type loco- 
motive, having an axle load of 40,000 Ib on the drivers, the maxi- 
mum depression of the rails was 0.146 in. at very low speeds where 


23 Mechanical Engineer, Norfolk & Western Ry. Co., Roanoke, Va. 
Mem. A.S.M.E. 

24 Mechanical Engineer, New York, N. Y. 

25 See Railway Mechanical Engineer, May, 1930. 

26 See the Journal of the Austrian Society of Engineers and Archi- 
tects, ‘‘Zeitschrift des Oesterr. Ingenieur- & Archtekten-Vereines,”’ 
1930, p. 353. 
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the dynamic augment is zero. A dynamic augment of 12 per cent 
of the static load depressed the rail only 3 per cent more, cor- 
responding to one-quarter of the theoretical excess load. This 
may be explained by the short time available for the process of 
depressing the rail in the neighborhood of the diameter speed— 
namely, about 1/10 of a second—yet it is remarkable that this 
effect was noticed with so stiff a track structure. Thus we may 
conclude that even with our highly stressed rails, a dynamic 
augment of 15 to 20 per cent of the static wheel load will impose 
_ upon the rail only a fractional additional stress. Similar results 
4 will probably be apparent from the otheograph records of the 
General Electric Company. 

The other factor—namely, the fluctuations of wheel pressures 
as related to safe riding—is illustrated by the fact that a dynamic 
augment of 30 per cent will set up a theoretical fluctuation of the 
wheel pressure between the limits of 70 per cent and 130 per cent 
of the static load, but for the same reasons as just explained the 
actual fluctuations are much smaller. Therefore, much higher 
figures on certain locomotives have not led to apparent incon- 
veniences, although they may be objectionable, especially when 
it is considered that locomotives often exceed regular speed limits. 

As a result of experience and comparative studies, the writer 
submits the following recommendations for smooth and safe 
riding, leaving a good margin for occasional excess speeds: 

Recommended for the maximum speed at which the locomotive 
} is expected to operate regularly (80 to 100 per cent of the diameter 
speed for conventional engines, 115 to 125 per cent of the diameter 
speed for special high speed designs). 

(1) Maximum dynamic augment A = 25 to 30 per cent of the 
static wheel load W for the wheel in question, but (A + W) = 115 
to 120 per cent of the maximum static wheel load as permitted 
by the track structure; whichever of the two figures for the dy- 
namic augment A thus obtained may be lower. 

(2) Maximum weight of unbalanced reciprocating masses: 
1/400 to 1/300 of the combined weights of the engine with 50 
per cent loaded tender. 

The latter condition limits the oscillating movement of the 
locomotive, resulting from the unbalanced reciprocating masses, 
to theoretically around 1/; in., but this amount is further reduced 
by frictional influences. The stiff connection between engine 
and tender makes it allowable to regard both as a unit. It 
appears that, if the reciprocating masses are light enough to fall 
within the foregoing limits, no counterbalancing of any part 
of them would be required for fairly smooth riding. 
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These recommendations are open to discussion. Cross- 
counterbalanced locomotives corresponding to them will be 
found satisfactory. 


AUTHOR’s CLOSURE 


It is gratifying to find that Mr. Lipetz has no fault to find 
with the general principles of the paper. The references that 
he gives to earlier work on the subject are interesting and valu- 
able. The author had no intention of claiming any originality 
for the principles advocated. In fact, thirty years ago his first 
approach to cross-balancing was guided by von Borries’ account 
of the subject. 

The author appreciates the comments by Messrs. Riegel, 
Fetters, Sheehan, and Pilcher. 

Mr. Giesl’s remarks are not entirely clear and do not seem 
to be applicable to American practise. The suggestion that a 
dynamic augment of 15 to 20 per cent of the static load will 
impose on the rail only a fractional additional stress is not sup- 
ported by Professor Talbot’s experiments. The results of these 
as reported to the A.R.A. by Mr. Ripley show that as the loco- 
motive speeds were increased, there was a very considerable 
increase in rail stress due to dynamic augment. 

The two recommendations made by Mr. Giesl as to per- 
missible dynamic augment and unbalanced reciprocating mass 
beg the whole question. He recommends that the dynamic 
augment should not exceed 25 to 30 per cent of the static wheel 
load. Surely the maximum combined dynamic and static wheel 
load should be determined by the civil engineer after due con- 
sideration of the particular track structures involved. When 
a limit has been set, the mechanical engineer will probably be 
interested in obtaining the maximum possible static load and 
consequently will aim at the minimum possible dynamic aug- 
ment. Whether the dynamic augment is 10 per cent or 50 per 
cent of the static load is in itself immaterial. The important 
thing is that the combined loads shall not exceed the limiting 
value proper for the permanent way. 

Mr. Giesl also suggests that the mass of the unbalanced 
reciprocating parts should not exceed 1/300 to 1/400 of the 
masses of the locomotive and of the half-loaded tender. The 
paper shows that locomotives with very much greater unbalanced 
masses are running satisfactorily in this country. The author 
feels that further study of this question should be carried out 
before any attempt is made to set up definite limits for the un- 
balanced reciprocating mass. 
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- From Powdered-Coal Furnaces. 


INTRODUCTION 


‘dhe work here reported may be considered the Third 


Progress Report presented for the A.S.M.E. Special Re- 
search Committee on Removal of Ash as Molten Slag 
The second report‘ outlined 
the objectives of the investigation and discussed the phases into 


| which the problem could be divided; it also reported the experi- 


mental data rather fully. 
This report presents the information available to date in a 
, form that will be most useful to those concerned with the opera- 
tion of slag-tap furnaces, but omits much information of general 
and technical interest. Although the investigation is nominally 


associated with slag-tap furnaces, yet from the standpoint 


of the Bureau it has the much broader purpose of obtaining 
data on the properties of coal ash and coal-ash slags, the coal 

| ash being one of the fundamentals in the utilization of fuels. 

! This report is divided into three main sections. The first 
discusses the properties of slags with relation to their chemical 
composition—a necessary groundwork for what follows. The 
second presents the data obtained through the cooperation of 
most of the stations operating slag-tap boilers on a wide range 
of fuels; this record should be valuable. The third reports a 
limited study of factors connected with the return of the fly ash 
to the furnace; the space given to it is out of proportion to the 
relative time spent on this phase. 


RELATION BETWEEN FLOW TEMPERATURE AND 
CHEMICAL COMPOSITION OF SLAGS 


This section deals with the relation between the composition 
of coal-ash slags and their fluidities as far as they pertain to slag- 
tap furnaces. In the second report the term “flow temperature’’® 
was introduced and was defined as that temperature at which a 
slag had such a fluidity that it would flow freely when tapping. 

Unfortunately, the subject is complex, because of the number 
of components in coal ash, but it is the foundation for the inter- 
pretation of results and for predicting the properties of a slag. 
The underlying science and language are those of the ceramist, 
but this investigation has been carried out from the viewpoint 
of the combustion engineer, and an endeavor has been made 
to include only information required by him. This section dis- 
cusses the information required by the plant engineer. 

Coal-ash slags consist essentially of: 


(Silica + alumina) + (forms of iron) + (lime + magnesia) 
(SiOz + Al,O3) (Fe.0s, FeO, Fe) (CaO + MgO) 


1 Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

2 Supervising fuel engineer, U. S. Bureau of Mines, Pittsburgh 
Experiment Station. 

3 Junior fuel engineer, U. S. Bureau of Mines, Pittsburgh Experi- 
ment Station. ‘y 

4 Nicholls, P., and Reid, W. T., ‘‘Fluxing of Ashes and Slags as 
Related to the Slagging-Type Furnace,’ A.S.M.E. Trans., vol. 54, 
1932, paper RP-54-9, pp. 167-190. 

5 Degrees fahrenheit are used throughout this report. 

Presented at the Annual Meeting, New York, N. Y., Decem- 
ber 4 to 8, 1933, of Tom AmpricaNn Society OF Mecuanicau En- 
GINEERS. 
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Slags From Slag-Tap Furnaces and Their 
Properties 


By P. NICHOLLS? anp W. T. REID,? PITTSBURGH, PA. 


together with oxides of other elements, usually in small quanti- 
ties and varying little in total quantity. If the former can be 
grouped as shown, they can be treated as three constituents. The 
second report showed that in slags the ratio of SiO. to Al,Os 
usually lies between 1.8 and 2 and that variations within these 
limits had little effect on the flow temperature; therefore they 
can be considered as one constituent. It also showed that the 
fluxing effect of MgO in small quantities differed little from that 
of CaO; as the percentage of MgO is small, CaO + MgO can 
be considered one constituent. The last report did not consider 
the effect of variations in the state of oxidation of iron; all the 
melts were made in air on the assumption that the iron would 
oxidize so as to give equilibrium with air. That this was true 
to the order of accuracy required was proved by the ability to 
duplicate results; therefore, the iron also was considered a single 
constituent. This ability to melt in air and work on a three- 
component basis was of great advantage and was a method of 
attack absolutely necessary if advance was to be made with any 
speed. 

The second report (see Fig. 7) showed the relation of the flow 
temperature to the chemical composition on this basis and 
expressed the iron as equivalent Fe,O3. Since that report was 
written, more determinations have been made in air, and a re- 
vised figure based on about 250 tests has been derived, but 
it does not differ materially from the old Fig. 7. This revised 
figure is not included, because analyses of the samples received 
from the stations show that the iron in the slags is much more 
reduced than were the slags melted in air; however, this new 
figure is the basis from which the effect of the forms of iron is 
derived. 

The second report did not attempt to predict the effect of 
reduction of iron (that is, conversion of Fe:O; to FeO and Fe), 
because no data were available. It is evident that if the in- 
vestigation were to be thorough, each of the compositions repre- 
sented by the 250 points should be tested with the iron in various 
proportions of Fe,0;, FeO, and Fe, which again makes a three- 
component system for each point and for which many tests 
would be required—evidently an impossibility at this time. 
However, when the slags were reduced by subjecting them to a 
reducing atmosphere, it was found that, with few exceptions, 
the ratio of FeO to Fe was high and somewhat constant for the 
same degree of reduction; therefore, the first approach would be 
to consider them as one—for example, the equivalent FeO. 
This left one variable for each composition—namely, the ratio 
of the iron in the Fe,0; to the total iron, or the ratio of the Fe.O; 
to the total iron expressed as Fe,0s. 

Determination of the flow temperatures of slags with varying 
degrees of reduction required the development of new methods 
and apparatus; a full description of these is not included in this 
report. Briefly, they consisted of two new small furnaces. 
One was a platinum-resistance furnace similar in principle to 
that shown in Fig. 2 of the second report except that it was en- 
closed in a metal casing so that an atmosphere of nitrogen could 
be maintained around the slag contained in the crucible; thus 
slags previously reduced could be prevented from oxidizing. 
The other furnace was gas-fired. Various reducing atmospheres 
of the required temperature could be obtained by some combina- 
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tion of natural gas, air, and oxygen; this furnace was used for 
reducing the slags and for determining the resulting flow tempera- 
ture. 

The process of determining the flow temperature with the 
iron in a series of reduced states is more complicated and requires 
much more time than does a determination in air; in addition, 
each determination requires at least one chemical analysis. 
The determinations made have therefore been limited in number, 
but so scattered over the field of compositions represented by 
slags from slag-tap furnaces that the order of the effect over 
the whole field could be interpolated with fair probable accuracy. 
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Fe)03 AS PERCENT OF TOTAL Fe AS Fe203 


Frq. 1 Errsot or CHANGE IN Forms oF IRON ON THE FLOW 
TEMPERATURES OF Two SLaGs 


Fig. 1 illustrates the type of results obtained and gives curves 
for two slags of different compositions. The flow temperature 
is plotted against the “ferric percentage;” that is, the actual 
ferric iron (Fe,0s) in the slag, found by an analysis for the forms 
of iron, expressed as per cent of 
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the other slags. As may be seen, some of the test points fall 
as much as 80 deg off the mean curve; the possible reasons for 
this will not be discussed, but the agreement of the two mean 
curves shows that the values for the part of the field covered by 
these compositions are probably reliable. 

The curves show that the ferric percentages in air were 75 
and 85 per cent, respectively; with decreasing ferric iron, the 
drop in flow temperature was not rapid down to 50 per cent, but 
below 50 per cent the flow temperature decreased 10 deg for each 
per cent drop of ferric percentage. For the State Line slag with 
a ferric percentage of 10, the flow temperature is 480 deg below 
that in air. 

The forms of the curves for ferric percentages above the air 
values is of no interest, because slags will not be subjected to 
oxidizing conditions greater than that of air. What will be the 
relationship below 10 per cent ferric iron cannot be predicted 
definitely, because the conditions of testing did not give complete 
reduction. As the Fe,0; becomes very small, the free iron has 
been found to increase; one would expect that the flow tempera- 
ture would not be the same as it would have been if the metallic 
iron had remained low. It is also probable that for the same 
ferric percentage the flow temperature would increase with in- 
crease of metallic iron. There are few data on this phase of the 
subject. However, it is probable that the ratio of Fe to FeO 
may vary for ferric percentages below 10; the atmosphere re- 
quired to reduce the slag to extreme limits may result in deposi- 
tion of carbon on the slag, with corresponding uncertainty on the 
equilibrium between the Fe and FeO. In the extreme, all the 
Fe,0; may disappear and another series of conditions arise in 
which there will be FeO and Fe in varying proportions. The 
slags from slag-tap furnaces have not indicated rapid increase 
of metallic iron with low Fe.O;, but rather with increase in the 
total iron content of the slag. It has been shown, however, that 
if fly ash containing combustible is introduced into the furnace 
in large quantities, there may possibly be no Fe,0; and a large 
proportion of Fe. 
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where the values on the right- 


hand side are the percentages 


~ 


Ca0+Mg0O, PERCENT 


of Fe.Oz, FeO, and Fe found by 


analysis of the slag. 


The two slags shown are State 
Line—the complete analysis of 


which is given in column D of 


* 0 ferric percentage 


Table 1—and a synthetic slag 


@10 ferric percentage 
050 ferric percentage 


designated as slag O, one of 
those made to cover the field. 
Their essential compositions 
were: 


Equivalent 


SiO»-Al:O3 Fe2Q3, CaO + MgO, 
ratio per cent per cent 
State Line i: ds stasis 2.51 37.5 8.4 
Slag Oxi senee.aeenreetae ee 1.85 40.0 10.0 


The test points are given; as the State Line slag was used in 
the original experimentation, a large number of tests were made. 
It was impossible, however, to make the same number for all 


+ Air equilibrium 
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Fic.2 Errecr or CHANGE IN Ferric PERCENTAGE ON FLoOw TEMPERATURE OF Coat-AsH SLaGs 


Determinations similar to that of slag O for flow temperatures 
with various states of reduction of the iron were made for slags 
having other percentages of iron and lime. The desired com- 
positions were obtained by mixing coal ashes of known composi- 
tion in the correct proportions and by adding other constituents 
for small adjustments. Instead of giving individual figures for 
each slag, all have been plotted on one sheet so that their rela- 


RESEARCH 


tion to the composition can be seen. 
1.85 was used in the synthetic slags. 
Fig. 2 shows this plot. The compositions of the slags tested 
are indicated by the heavy dots; these dots are thus points 
related to the main axes. Jor example, on the basis used for elimi- 
nating the small quantities of alkalis and other constituents, slag 
Chad a composition of equivalent Fe,0; = 10.4; CaO + MgO 
.. The curves showing the effect on the flow temperature of the 
nk forms of the iron are drawn through the points representing the 
compositions and are so placed 
that the points on the curves 


A silica-alumina ratio of 
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Fe,O;, the ferric percentage for minimum flow temperature de- 
creases and reaches 10, with slags containing, probably, about 20 
per cent equivalent Fe,O;. 

3 As the iron content of the slag increases beyond 20 per 
cent, the decrease in flow temperature for a given decrease in 
ferric percentage becomes greater. 

4 With the same iron content and increasing lime (up to 16 
per cent), the influence of the state of the iron on the flow tem- 
perature becomes less when the iron content is low (10 per cent) 
and is not affected if it is high (40 per cent) 


LINES FOR EQUIVALENT Fe203 WHEN Ca0+MgO ONLY IS INCREASED 
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which represent a ferric percent- 
age of 10 are on the points of 
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~ composition—that is, the big 


dots. The reason for this is . x 
made clear in the discussion of Toes, 
Fig. 3. Ihess 

’ On the upper part of Fig. 2 \ 
a skeleton scale is given for the 1g 


individual curves. In using this 


scale with any one of the curves, 
the intersection of its axes would 


be placed on the large dots of the 


the flow temperature for the 


curve, and the difference between g 
3 
s) 


ferric percentage of 10 and any 


other percentage can be read off; 
therefore, if the flow tempera- 
ture at 10 per cent is known, 
that for any other ferric per- 


— 
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centage can be found. It is not 


= 


necessary to actually superim- 
pose this scale, because the divi- 
sions are the same as those for 
| the main plot of composition, 
and it is easy to find the re- 
quired temperature difference. 

If the composition of the slag 
being considered does not lie on or near one of the large dots, 
then it is necessary to interpolate, or to sketch in a curve the 
shape of which must be judged from those of the compositions 
surrounding it on the assumption that the shapes of the curves 
change gradually with change in composition; the relative 
shapes of the curves given show that such an assumption is 
reasonable. 

However, a plant engineer would not usually want an exact 

) value for the flow temperature, because he cannot predict the 
exact composition of the slag from day to day and still less the 
degree of reduction of the iron in it; rather, he will be interested 
in the general effect. 

The relations between the curves and the composition of the 
slags need not be described; these can be best understood by 
studying Fig. 2. On each curve three other points are indicated; 
the points corresponding to the equilibrium which resulted by 

_ melting in air are indicated by crosses, the clear circles are the 
points of a ferric percentage of 50, and the small dots at the ex- 
treme left of the curves are the points of a ferric percentage of 0. 

_ As previously stated, the shapes of the curves between 10 and 0 

_ were not determined; they are shown as prolongations of the 

_ known curves except for point 7’. 

The outstanding principles can be summarized as follows: 

1 With slags containing an equivalent Fe,O; of 10 per cent, 

_ the minimum flow temperature occurs at a ferric percentage of 
about 30. 

2 As the iron content of the slag increases above 10 per cent 


0 6 
Fia. 3 


LINES FOR CaO WHEN PQUIVALENT Fe203 
ONLY IS INCREASED 


[PPP TTT 


30 36 


18 24 
EQUIVALENT Fe20z, PERCENT 
APPROXIMAT® FLow TeMPrpRATURES OF CoaLt-AsH SLaGs For 4 ‘Ferric PercenTAGE” oF 10 


[Ferric percentage = Fe:O3 as per cent of total iron expressed as Fe20s; 
having a SiQs-Al2O3 ratio of 1.7 to 2.0. _ 
bases of (SiOz + AleOs) + equivalent FexO3; + (CaO + MgO) = 100 per cent.] 


curves apply more closely to slags 
The Fe2Oz3 and the (CaO + MgO) are calculated on the 


Because the flow temperature is dependent on the three vari- 
ables, a series of charts would be required to read off the values 
directly. Such a series could be made by taking successive 
values for the ferric percentage—one chart to show a ferric per- 
centage of 50, another 40, and so on. As such a series cannot be 
included in this report, only one is given. The analyses of the 
slags received from the stations operating slag-tap furnaces 
showed that a ferric percentage of 10 was fairly representative; 
therefore, a chart was made up for that value. 

Fig. 3 shows this plot; the title gives the limitations of its ap- 
plication. It is based on the revised chart of Fig. 7 of the second 
report and Fig. 2 of this paper, together with a number of isolated 
values not included in the latter figure. As Fig. 2 covers only a 
portion of the field, the reliable parts of the curves of Fig. 3 are 
shown in full lines; the dotted parts are based on assumptions of 
what the shape of the curves similar to those of Fig. 2 would be, 
and cannot be considered as exact. 

To predict the flow temperature of a slag the ferric percentage 
of which is other than 10, Fig. 2 would be used in conjunction with 
Fig. 3. The process would be: 

1 On Fig. 3 locate the point for the composition of the slag, 
and then read the corresponding flow temperature. 

2 On Fig. 2 locate the point for the composition of the slag, 
and then determine the increase or decrease of flow temperature 
corresponding to the new ferric percentage. 

3 Add (1) and (2) algebraically. 

The slags of the more common coals lie within the area of 
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Fig. 3 covered by the full-line curves. Also the silica-alumina 
ratio usually lies within the limits of the figure, and the alkalis 
are usually not greater than 3 per cent. The following general 
rules can be used as a guide for unusual slags: 

1 Variations of the silica-alumina ratio make little differ- 
ence in the flow temperature within the field of 30 per cent Fe.0s 
and 10 per cent CaO + MgO. As the quantity of these fluxes 
increases, an increase in the silica-alumina ratio will lower the flow 
temperature. 

2 An increase in alkalis above 3 per cent will make little 
difference in the flow temperature if the CaO + MgO is below 18 
per cent; their effect can be approximated by adding 1/2 (per 
cent alkalis — 3) to the CaO + MgO. The effect of alkalis in 
lowering the flow temperature increases materially with increase 
in lime above 18 per cent. 

The information given in this section should be sufficient for 
present requirements in connection with slag-tap furnaces. Itis 
probably as reliable as the furnace operator’s knowledge of the 
composition of the slag and of operating conditions affecting it. 

Only such information as will be useful in plant operation has 
been presented in this section of the report. It does not include 
discussion of factors which may have a bearing on the reliability 
of values, but which were not determined experimentally, and 
can rarely be defined or controlled in the furnace. Two such 
factors are the time that slags must be subjected to a given set 
of conditions in order that they may reach a constant state and 
the series of events through which they pass. 


Errect or Frrric PERCENTAGES ON EFFECTIVENESS OF 
FLUXES 


In the second report the tests of the fluxing effect of a number 
of materials on coal-ash slags were carried out in air; the iron in 
the slag was allowed to assume that state of oxidation (ferric per- 
centage) that gave equilibrium with air, and the values for the 
lowering of the flow temperature which resulted were determined. 
The question is: Will that same lowering of temperature occur 
with other values for the ferric percentage? 

Figs. 2 and 3 give a complete answer for the use of either iron 
or lime as fluxes providing the ferric percentage both before and 
after adding the flux is known. If limestone is used as a flux and 
if, for example, before fluxing the ferric percentage of the slag is10, 
then there is the possibility that the limestone might oxidize the 
iron and the ferric percentage be raised to 30, in which event 
the fluxing might be less effective than it would have been if 
the ferric percentage had remained at 10. Tests have shown 
that, with some slags, oxidation did occur when limestone was 
added, even though there was an attempt to prevent it. 

How much the reducing atmosphere at the surface of the bed of 
a furnace might retard the oxidizing effect or whether it could 
reduce the iron back to its original state of oxidation is not known, 
but this investigation has indicated that when the ash has once 
formed a slag, the reduction of the iron in the body of the slag by 
the action of gases at the surface is slow. 

Such actions add complications which cannot be avoided. It 
is suggested, however, that Fig. 3 be used and that the possibility 
of oxidation be allowed for by adding to the decrease in flow tem- 
perature desired the following number of degrees: 


Equivalent Fe20s content of slag before fluxing, per cent. 


10 20 30 40 
Addition, deg fabr... 2.2006 sc0+ ate no sions essen miners 10) 


25 50 75 


The procedure for finding the required quantity of limestone 
is the same as that described in the second report, Fig. 7, and will 
not be repeated. 

The only other fluxes that might possibly be used are fluorspar, 
salt cake, or soda ash. No additional data are available, 
and it is suggested that the information given in the last report 
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for the lowering of temperature produced by these fluxes be used. 

Adding fluxes as a regular procedure has not been found neces- 
sary; when they are added occasionally, only a general idea of 
the quantity required is necessary. 


SAMPLES FROM STATIONS 


The request for cooperation in obtaining samples was sent in 
June, 1932, to 16 stations operating slag-tap furnaces; four were 
not in a position to comply. The only stations not asked were 
Bremo, Hell Gate, South Amboy, and State Line; samples of 
slag had been received from these stations previously, and al- 
though these samples did not comply with all the conditions 
desired, yet the additional trouble and expense were not war- 
ranted. 

The request specified small samples of coal, slag, and fly ash 
which were true average samples of the same period of opera- 
tion—24 hr if possible. It also suggested methods, but recog- 
nized that conditions and facilities would not be alike. The 
temperature of the slag at the time of tapping, operating records 
during the test period, and details of furnace and burners were 
also requested. 

Most of the stations sampled the coal at the feeders; in addi- 
tion, some sent samples of the pulverized coal. The usual method 
of sampling the slag was to take grabs from the stream every 
few minutes during the tapping and to immediately quench the 
ladle. Some stations could not sample the fly ash. With one 
exception, those that did used a sampling pipe facing the gas 
stream and the exhaust and dust-bag method for collecting the 
dust; the position of sampling differed, but apparently no sta- 
tion attempted to traverse the stream. The stations reduced the 
total material collected to 2 to 4 qt for shipment. 

The materials received by the Bureau were treated by its 
standard method and reduced to smaller samples ground to the 
requisite sieve size. The standard determinations made were: 


Coal: Proximate analysis and sieve sizes of pulverized 
coal 

Coal ash: Chemical analysis; A.S.T.M. cone fusion values; 
flow temperature in the air furnace 

Slag: Chemical analysis including forms of iron; A.S.T.M. 
cone fusion values; flow temperature in the air furnace; 
flow temperature in the nitrogen furnace; determina- 
tion of forms of iron after the test in the nitrogen furnace 
to check for change 

Fly ash: Combustible and sulphur; chemical analysis of 
the ash, including forms of iron; A.S.T.M. cone fusion 
values; flow temperature in the air furnace. 


These data, with the descriptive information received from 
the stations, make a formidable mass of information. Table 1 
gives the minimum necessary. The data from the stations are 
only essential facts; the test data include all the standard deter- 
minations except the flow temperatures in the air furnace. 

The stations are arranged in the order of increasing tempera- 
tures at which the slag as received would flow. This value is the 
flow temperature as determined in the nitrogen furnace, item 35, 
Table 1. 

A study of this table is simplified by listing the items on which 
the table may throw some light. The following are outstanding: 

1 Knowing the properties of the coal ash, is it possible to 
predict those of the slag, and how much will they differ? 

2 Is there any outstanding difference in the slags caused by 
the furnaces or burners? 

3 Is there any relation between the rate of burning and the 
type of slag produced? 

The constructional data of the furnaces included (item 4) are 
limited to the horizontal cross-section in the direction of the 
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travel of the flame and at right angles to it. The burners are 
described (items 5 and 6) by type and whether they project the 
flame horizontally or on to the bed. 

The rating at which the test was run is expressed (items 9 and 
| 10) in pounds of fuel burned per hour and the heat release in 
_ Btu per square foot of horizontal area; it was thought that this 

one-figure value is more nearly related to the deposition of ash, 
although a number of other factors are undoubtedly related to 
it—an obvious one, the position of the burners, whether in one or 
'.tworows. Atsome stations the rate of burning was not constant; 
_ if it were maintained constant for several hours before tapping, 
that value was used for the heat release. 

The fuels burned (item 11) included one lignite, eight bi- 
tuminous coals, four semi-bituminous coals, and one petroleum 
coke. The ash contents of the coals ranged from 12.4 to 5.2 per 

- cent, and 1 per cent for the petroleum coke. 
_ Eight stations sampled the fly ash from the gas stream, and 
one (R) sent a grab from deposits. The combustible in the fly 
_) ash (item 17) ran from 1.5 to 27 per cent for the samples collected 
from the gas streams; that for the petroleum coke was 56 per 
, cent because of the small amount of ash in the gas stream. 
__ The analyses of the ash (items 18 to 27) present a good cross- 
section of the variations in coals the ash of which is fusible enough 
_so that the coal can be used in a slag-tap furnace; the only type 
\ \ missing is that of coals from the Pacific Coast, which haye shown 
‘peculiarities compared with other coals. The bases adopted for 
showing the analyses are: 

(a) The coal ashes are shown with 0.0 per cent SO; (item 26). 
It is so given because the quantity of sulphur found by analysis 

is dependent on the temperature and time of ashing and has little 
meaning. 

(b) The analyses of the slags are for the samples as received. 

(c) The analyses for the fly ashes are on the combustible-free 
basis. 

(d) The forms of iron are given for the slags and fly ashes. 
In addition, the total equivalent iron expressed as Fe,O; (item 23) 
is given so that the total iron in the coal ash, slag, and fly ash can 
be compared. 

(e) Item 29 is the actual Fe.0; divided by the total equivalent 
Fe,O3, in per cent; it is the value previously defined as “ferric 
percentage.” 

(f) Although the analyses of the coal ash, slag, and fly ash are 
each shown on the most informative basis, yet in an attempt to 
compare them strictly or to apply them to diagrams such as Fig. 3 
they must be reduced to the same basis of SiO, + Al.O; + equiva- 
lent Fe,O; + CaO + MgO = 100. 

As the stations are arranged in increasing order of the flow 

) temperatures (Table 1), the fluxing constituents in the ashes de- 
crease from station A to R. In the coal ash of A, the FeO; 
was 41 per cent and the (CaO + MgO) 9.3; in R, they were 9.1 
and 1.8, respectively. The other main fluxing constituent, the 
alkalis (item 27), varied little. 


CompPaRISON OF ANALYSES or Coa Asx, Siac, anD Fty Aso 


In spite of the care in sampling taken by the stations, the 
analyses show that the samples of slag and fly ash do not cor- 
respond to those of the coal. If they did and if the comparisons 
are made with the analyses reduced to the same basis, then the 

_ percentages for each component (SiO:, for example) should be 
such that the percentage for the coal ash would lie between those 
of the slag and the fly ash. If the samples corresponded ex- 
actly and if C, S, and F were the percentages of any one com- 


@ aioe 
_ ponent of the coal, slag, and fly ash, respectively, then ST 


6 “Analyses of Washington Coals,’ U. S. Bureau of Mines Techni- 
eal Paper 491, p. 100. 
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should have the same value (JW) for all the components, and 
W would be the pounds of slag per pound of coal ash. Not only 
does the value of W differ for the various constituents, but no set 
of three samples fulfils even the first general condition. 

This is a good illustration of the difficulty of obtaining true 
samples. In all probability the greatest error is in the sampling 
of the fly ash. Even when the sample is collected by suction 
and a dust bag, the collecting pipe is placed in one small area of 
the gas stream, and ash is also deposited before it reaches the 
point of collection. 

There may also be errors in the slag, although one would 
expect the tapping operation to mix portions from different parts 
of the bed. In addition, many stations followed the request that 
the test be made after burning the same coal for several days. 
Yet if the composition of the slag is not the same over the area of 
the bed, then the composition of that tapped will vary with the 
temperature of the furnace during the run preceding the tapping. 
In spite of such possibilities, the slag samples should be fairly 
representative, as was indicated by the test at station Q. This 
test was run continuously for three days and gave six sets of 
samples for periods of approximately 12 hr each; because of the 
space required, the individual tests are not given in Table 1; 
the values in column Q are averages, but the analyses are closely 
similar, as is shown by the following values for the slag: 


Test 1 2 3 4 5 6 

BiGherecccteeies «oo oe eye 51.0 50.8 50.9 50.0 50.8 50.8 
ANNE T tte mitra 8 eta Cetera 29.4 29.4 29.5 28.5 29.5 29.1 
es Oars c cies ois eis oe LS iets Om VAG 14528 T4e5e 1254 
(SEO Re Gane oo Bo nO nEe 4.8 4.6 4.4 4.6 4.4 4.3 


It was unfortunate that the fly ash at this station could not be 
sampled. 

The three analyses most nearly correspond at station H, 
which used lignite as the fuel. The weight W of the slag ex- 
pressed as a percentage of the ash in the coal, as computed from 
the components, would be: On the SiO, basis, 27; FeO; basis, 
38; CaO basis, 34; MgO basis, 37. The Al.O3 was nearly the 
same in all three samples and cannot be used. The 37 per cent 
seems a reasonable figure. 

Except for this one station, the percentage of slag cannot be 
deduced from the analyses. Two stations did, however, obtain 
values for this factor, and the values should be reliable because 
they are based on the weight of the slag tapped and great care 
was taken by both stations. The summary of the reports is: 


Stations et pasate peste cece a clnele eens Q R 


DITA tONVol: Cost GAYS stele ters. shasta okotabe eas 3 7 
Coal burned, CLs neers Pe oe weeres tera toten Mebanae 1029 3302 
Slag as per cent Ge ASW WN. COO! ? cele de acc secaicsieicie'ece 45.0 16.6 


The test at R did not correspond with the sampling test, nor 
was exactly the same coal used. That at Q corresponded with 
the sampling period. The method of tapping at Q was very con- 
venient for the storage and handling of the slag; when removed 
from the storage tank, it was placed on cars and allowed to dry 
until the weight became constant. 

The slags of these two stations had the highest flow tempera- 
tures. Station A, with the lowest, sent no fly ash; the analyses of 
B do not line up well, but if the values for the Fe.O; are taken as 
correct, the slag computes to 89 per cent of the ash in the coal, 
which, though high, is in the right direction for a very low-fusion 
ash. 

Selective Action in Combustion Chamber. One would expect 
that particles of ash that fuse easily would have a greater chance 
of being deposited on the bed and that consequently the slag 
would contain a greater proportion of the fluxes and would have a 
lower flow temperature than the ash of the coal; as a result, the 
fly ash would contain less fluxes. This presumption is confirmed 
by the analyses, but the selective action was not as large as earlier 
samples indicated. 
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TABLE 1 DATA OF 
Item A B Cb 
COURS ee FNS CS OS. Ie Ins SOC OO RUNES Quindaro, Powerton, Deepwater, 
Gi GOS ONE coh ats Mees Oe INE Sea 8 ine sie Niiatee orem ores UAC OI Kansas City, Kan. Pekin, Ll. Penn's Grove, N. 
S Boiler number... cans case ners sae rere eae Sau) Bocce ie, No. 3-3 No. 6 
4 Furnace, depth by width, ft..........--ssseesre cesses L728 SE 2is6 19 X 36 17 xX 34:5 
5 Burner, number and type....++.28eesee sere eset ett 4, cross-tube 4, cross-tube 4, cross-tube 
6 Inclination of burners. .....+-+seseeser sss essere Inclined Horizontal Horizontal 
7) Eype.of botkom gus. ccm se oles sss Se ee irs sal Water cooled Water cooled Refractory 
8 Duration of test, hr......-..2 2 eee rece eee e eee 12 3 Not special 
Q Coal per hour, Ib.....-- see ne esters tees 12,220 43,700 
10 Heat release, per sq ft per hr, Btu a ei! 389,000 714,000 
Tite AGloulsa tances oes letters emir sins os crete er boonies : Bituminous Bituminous b 
12 SSeeuiin 2 Sere coisa rate ie cheiotnrs ey have n 0s wiemnte Sosae meas ieis ee Cherokee No. 5 Miller, B 
13 AAinG Or TOOAtIONe secs elte se oes Os reese ee oe Pittsburg, Kan. Springfield, Ill. Waterman, Pa. 
Coal Slag F, A.d Coal Slag F, A. Coal Slag F. A. 
14. Sample INO-o< cece os sens merome nis s Sonic: Oak seca cis 343 342 None 326 325 327 c 205 None 
15 Ash in coal, per cent... . cee cee cee esse cee sree e eee ce tess 12.4 2a AS U7, a on 8.3 ds Bets 
16 Sulphur in coal, per cent........ see sees e weet tsetse 4.1 Rat wee 4.1 Revs berg 3.4 
17. Combustible in fly ash, per cent.....---s+eesere rere cecrtt ee wor oe Pore Mas ‘ 1.5 Nets 
Analysis of ash, per cent: 
18 Aire RE OS Gan irate roc 31.4 27.2 ae 39.8 42.1 49.5 34.5 38.1 
19 AlSOis: So Seder ere sree eee a 16.1 12.0 BOL sya 13.9 14.8 28.2 22.2 
20 PesQas. cc genie tae Stine eyes Brera Ns 41.0 ies om 32.9 Dit, 16.8 35.2 9.0 
21 Po ee eS ae here ak < aie 25.9 3.4 peat 22.6 
22 Rosh: MERE AE a ee che memes es bea testes m3 aoe a Dal 0.0 ee 5.5 
23 (Total Fe as Fe2Os, for reference) ae 47.9 ee 35.4 20.4 sake 42.0 
24 EE ys eG NC OO OS IOS OS 8.4 15.2 8.4 9.6 8.6 1.9 1.4 
25 Mig O cc seccteinig cas ars sozers © Wis ale Daueeenrge er 0.9 1.4 0.8 1.2 1.0 0.2 0.1 
26 S(O BS SH oinG@ran Be morso ng Iso Seton CGO Ul a 0.0 2.4 0.0 0.7 3.2 Aaa 0.1 
27 NasO -+ Ka, by difference....5. 5055 Sie aie ties Ne os sii ie aioe 2.2 a 3.0 132 aT , 0.9 
OS a Ratio SiOs to AuOs se heer eee comme ea se te 1.95 2.26 2.64 3.01 3.34 1.22 1.72 
29 Fe2Os to total Fe as Fe:Os, per cent..--.+++++-sesssserssctes Seas « sake 726 82.0 < 21.0 
Ash fusions, F: 
A.S.T.M., standard cone: 
30 Initial temperature. ...... 2. eee ese esse eet e sets s eset 2010 1905 Scr 1880 1910 1910 mets 2260 
Sh Softening temperature.....-. eee eee rete cess reset ests 2120 1970 a ah 1935 1945 1980 rare 2320 
32 Pluid temperature. ......es ces e erste sete reese eres 2380 2180 ts 2190 2240 2470 a 2590 
Blectric furnace, in Nz: . 
33 Sticky temperature....-....0+ese cess reser scr s resets 5 hs Rite se) Lite 1980 ifn inks eee 
34 Penetration temperature.....-+-+-sssrsrecersse ests ee 1945 sreta Seis 2025 EY: ahs 1985 
35 Plow temperature......secesee cass esse teterese resets te wen 1975 rod es: 2095 dec ect 2315 
SG. Waneiol LAPIN aye cea sin cle oraseoe eersin> ance aos oe soho Freely aoe ats Freely are ars Freely 
37 Slag temperature, BF... 2. cee sew sees eee eerinr seems ss 
@ Presence of sulphide iron interfered with determination of forms of iron. 6 Sample collectedin 1931. ¢ Analysis of coal made by station. d@ FA. = 
TABLE1 DATA OF SAMPLES 
Item J K L 
LS Rabin eon ccc ie Geetste oie" lelos oiesslsinietols bats no ones eee este capae cn lola Huntley, No. 2, Edgewater, Bremo, 
D “Locations. cc. sec gfes «mcd ss sso ars tenereeieemiers weiner crrsecciee aos Buffalo, N. Y. Sheboygan, Wis. Bremo Bluff, Va. 
3) Boiler number: scfgoc was esis earn seein Nosigeand ge)”: eee 
4 Furnace, depth by width, fé........-.-+-- sees eee e cesses 19.8 X 35 OA) SK, 23de wy ke Sateen 
6 Burner, number and type.....-------see ester esters ess 6, cross tube Cross tube 6, intertube 
G. Tnchnation ODUCHEIS .<nceinm ene ene ae ets ne eee ae Vertical Horizontal 
7 WiTig peloh boubGM. -cuseeei a= Uncen eer see cere ers oso n ee NN Ine eal aie Air cooled = «= eeersrevers 
8 Duration of test, hr.. 10 (test No. 9) of Not special 
9 Coal per hour, lb.....-..--- 40,000 20000" 4 ES Fiekeicisks ersten 
10 Heat release, per sq ft per hr, Bt 750,000 545.000. =, 9) sh vad yissyeeP rere 
11 Coal: Rank..........0--seee- Bituminous Bituminous Semi-bituminous 
12 Oe eee rR | AOA eos Ao Pittsburgh No. 5 Sewell, Va. 
13 Mine or locations. coswe smce tele cin sie ele miss ue neue teers South of Pgh., Pa. Kenwar, Ky. Crichton mine 
Coal ag Coal Slag Beas Coal Slag F. A. 
Pal Sarnple; Nowen,cerciemin nie eieiesam Sole easton oirietesar™ ol recegias a start ate 411 410 412 357 356 358 288 289 
16 Ash in coal, per CENb 6.0. cm omjeeineing comin si Se eases Vents Se 11.3 AG Pacts 6.4 nea ats Dave aah 
16 Sulphur in coal, per cent.......---. 0s esse treet testes 1.9 a ae 0.5 Prete 
17 Combustible in fly ash, per cent.....--.----sseeeee rer tcetees “se bane 12.0 casks 27.6 
Analysis of ash, per cent: 
18 STO Meeeca cere I ates, chat teeta mctetnhesaitoritey ey bie inveteiolte ananiay = yaks 48.1 49.3 48.5 44.8 45.7 42.5 ed 46.9 0) 
19 RTs Otic ac x wieis abe sis Bae hoc aagalissel Tm sin terete shea sp cae es gS ae 24.5 24.2 22.6 27.2 26.0 29.6 28.0 26.7 a 
20 TORO RS, os Sei iar OO coi cite oo ait: aI ICO € 17.5 5.3 12.4 16.4 3.9 9.3 15.8 2.0 = 
21 RO pac co ceeox areata aie Heats aS ila wining = apse e Seen alee eyes 15.1 6.5 seas to2 2.5 wae 18.3 3 
22 5 eae enna bn Go Pnc sar hg acon OM mIc oe TOO OREO Rs 0.2 0.0 meRG 0.4 0.0 wre A é 
23 (Total Fe as Fe2Os for TefEreNnCe) 2... eee cece s ese esse ee ceeete eyes 20.2 19.6 wel 12.5 RP ARNE ae 2283 ; 
24 PONY 6 eee ee Ceo cpenic Se niy ed GeO On GOOD SC OU NLCIS Wz 5.5 6.9 4.3 5.7 5.1 4.1 2.8 7 
25 RO Men gr fanin Siacen OG on mi coon earn OE SOOO 1) 0.9 0.7 1.8 V3 al eco 1.2 1.2 : 
26 SO se Sakae abe ea ae sere! « taser ein Voretataine Wieiogacstsi rape a aercacdy 0.0 0.0 1.2 0.0 0.1 1.4 0.0 oles: co 
27 WasO -- KsO by differences. occa ines siavns em Simcoe 1 baled TS: 1.2 5.5 Set 4.4 2.8 2.1 
28 Ratio SiOz to AlOs........- sees cee e eee reece 1.97 2.04 2.14 1.65 1.76 1.53 1.72 1.76 
29 Fe2Qs3 to total Fe as Fe2Os, per cent a 26.0 64.0 ee 31.0 77.0 Stir: 9.0 
Ash fusions, F: 
A.S.T.M. standard cone: 
30 Initial temperature. .....-+-0+sseee seer eres reeset rests 2070 1955 2120 2155 2085 2215 2180 2035 
31 Softening Hemperatureree scree eee s > ~s ye elm clne 2180 2175 2200 2310 2175 2305 2325 2260 7 
32 Fluid temperature. .......seee cece eee t tere ere retess 2550 2315 2385 2530 2630 2625 2540 2535 
Electric furnace, in Ne: 
33 Sticky temperature........-2+eseeesereeecs seer sstteess Aa 1875 wee Bers 1880 Lae wp awe 
34 Penetration temperature....-.--- +e sree retest erste ere 2130 Sa0 eer. 2065 Be: ete Ac, 
35 Flow temperature.......0.teecns rece rr essenctereresccs lars 2365 aed Ae 2435 Lo ie 2420¢ 
S36 dso tap ping each oie desis tne slam ie rngierscererels isles eis sips Aon Freely exe svete Freely as 
37 Slag temperature, F....--.-. cece reese sce reeecetecc cree ss - ane chet atale 2700 2500 rin 


e Estimated from Figs* 2 and 3. 
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State Line, 
Chicago, Lil. 
No. 5 


227 None 
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fly ash. 


M 
South Amboy, 


- South Amboy, N. J 
4 No. 3 


Pocahontas 
West Va. 
Coal Slag F.A 
287 286 None 
-0 48.2 
-6 25.0 
9 1.0 
wes 11.9 
Bs 1.8 
= 16.8 
-0 6.6 
9 2.0 
.0 0.0 
.0 3.5 
75 = §=61.93 
as 6.0 
2110 2075 
2225 2170 
2520 2520 

Bee 24458 


SAMPLES FROM STATIONS 


FROM STATIONS (Continued) 
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E F G 
Horseshoe Lake Michigan City, Toronto, 
Oklahoma City, Okla. Michigan City, Ind. Toronto, Ohio 
No. 9 No. 3 No.7 
16.5 X 23.5 20 XK 26.5 22 XK 23 
2, Calumet 4, cross-tube 4, intertube 
Vertical Inclined Horizontal 
Coke cans Refractory Refractory 
24 60 20 
14,500 26,000 (est.) 19,100 
430,000 740,000 494,000 
Bituminous Petroleum coke Bituminous 
MeAlester Oil refinery Pittsburgh, No. 8 
Mixture; Okla. E. Chicago, Il. Richland, Ohio 
Coal Slag F.A. Coal Slag F.A Coal Slag F.A. 
389 388 390 405 404 406 36) 359 361 
11.7 ae aia 1.0 a5 3 10.3 ake See 
2.3 nee sng 5 ate 3.5 “5 
wee 4.4 5.6 aes 5.6 
39.4 42.1 39.0 12.4 35.8 5.4 44.8 42.2 42.6 
23.2 22.5 22.6 4.4 16.8 3.7 21.4 22.7 22.6 
23.5 2.2 16.6 11,2 0.7 9.2 28.3 4.0 21.6 
Fie 15.6 5.0 ~ 6.5 Lg yas 23.8 5.5 
oe 1.3 0.0 i 1.5 0.0 ae Va! 0.0 
ae 21.4 22.5 sor 10.0 1152 Jats 32.0 (ee 
9.0 11.2 9.1 68.6 35.3 49.5 3.3 4.2 3.6 
2.3 2.6 2.6 3.4 3.6 2.2 0.7 0.8 0.9 
0.0 0.3 1.9 0.0 0.1 25.3 0.0 0.3 1.9 
2.6 2.2 3.2 ae iri 3.0 1.5 0.9 1.3 
1.69 1.87 1.72 2.82 2.13 1.47 2.09 1.82 1.88 
oe 10.0 73.0 Tic 83.0 12.0 78.0 
2050 2120 2105 2640 2265 2570 1880 1880 2015 
2110 2195 2160 2645 2360 2580 2080 2015 2135 
2450 2410 2450 2655 2430 2605 2325 2195 2500 
Bers oe 1880 
2245 2230 2180 
2345 2365 2370 
Freely Slow and Very 
sticky freely 
2300 Sos 2700 
N is) iy 
Deepwater a 
Penn’s Grove, N. J. 
No. 4 °. No. 6 
17 X 34.5 17 XK 34.5 17 XK 34.5 
4, cross tube 6, Lopulco 4, cross tube 
Sr Oe Horizontal iy ce ine 
Coke Coke Coke 
12 12 12 
22,200 24,000 26,400 
757,000 $25,000 905,000 
Semi-bituminous 
Mixtures of Pocahontas and Beckley seams 
West Virginia 
Coal Slag F.A. Coal Slag F.A. Coal Slag F.A. 
336 334 335 340 338 339 322 321 324 
6.1 aie wen 6.0 ae Ae 6.5 oi ar 
0.6 ane 0.6 ated 0.6 Kiwis 
Side 13.9 Sita 6.3 Sete 27.1 
47.1 49.4 47.8 45.4 49.0 47.8 48.3 49.8 49.0 
29.0 26.4 30.6 29.2 27.7 30.2 27.8 27.6 30.2 
11.8 4.4 8.8 12.5 3.1 8.2 13.2 1.4 7.8 
a 7.3 2.0 brats pert 2.3 sh. 8.5 3.0 
vie 0.3 0.0 S24 0.4 0.0 ote 0.3 0.0 
Sia 12.9 11.0 ve 12.2 10.8 aha 11.2 at Rae 
fee! 8.4 4.5 8.7 8.2 4.8 6.2 8.7 4.3 
erg pei 1.6 Lrg Ley 1.6 2.3 1.9 1.6 
0.0 0.3 2.4 0.0 0.4 2.4 0.0 0.2 1.4 
3.3 1.8 2.3 2.5 1.8 2.7 2.2 1.6 2.7 
1.63 1.78 1.56 pe: t7r ~ 1.58 1.74... 50.80% J068 
solos 05 CSO'0 sume 625.0 F6LO ae 12.0 71.0 
2240 2270 2245 2280 2280 2285 2235 2310 2180 
2335 2335 2380 2340 2320 2405 2305 2365 2415 
2640 2635 2750 2640 2635 2665 2585 2520 2645 
1805 1910 1870 
2140 2110 2070 
2505 2565 2555 
Viscous Viscous Viscous 
. 2615 to 2795 2678 to 
2910 avg 2896 


H 


Valmont, 
Denver, Colo. 
19.5 XK 23.7 
Cross tube 

Vertical 
Refractory 


24 
26,000 (est.) 
540,000 
Lignite 
Grant mine 
Firestone, Colo, 


Coal Slag F. A. 
382 381 383 
5.9 Re, tack 
0.6 otek 
sie Zak 
39.6 47.5 36.5 
19.1 18.8 19.5 
9.8 1.4 6.9 
bine 8.5 Ne) 
SIA 0.8 0.0 
stats 1D) 8.3 
20.7 TRY f 22.2 
5.7 3.2 7.0 
0.0 0.3 2.3 
5.1 2.8 4.3 
2.08 2.52 1.88 
phate 12.0 84.0 
2015 2085 2085 
2060 2150 2130 
2205 2470 2451 
2010 
2380 
Freely 
2310 to 
2420 
Q 
Springdale, 
Springdale, Pa. 
No, 13 
20 X 24.4 
8, opposed 
Horizontal 
Air cooled 
72 
28,600 
769,000 
Bituminous 
Freeport 


Logans Ferry, Pa. 
Coal Slag F.A 


Average of 6 tests 


12.15 : 
1.15 
50.8 60.8 
30.6 29.2 
11.0 0.3 
pers 12.0 
hasd 0.3 
see 14.1 
5.0 4.5 
0.6 0.7 
0.0 0.3 
2.0 1.9 
1.66 1.74 
ri 2.1 
2400 2170 
2490 2300 
2680 2675 
1960 F 
2180 
2685 ‘ 
Freely 
2710 to 
2780 
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I 
Philo, 
Philo, Ohio 
No. 3-4 
20.5 X 25 
4, intertube 
Inclined 
Air cooled 


24 
25,700 
605,000 
Bituminous 
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Middle Kittanning, No. 6 


Mixture; Ohio 


Coal Slag F. A. 
422 421 None 
12.1 2G wate 
2.6 
42.2 39.8 

26.5 23.7 
24.6 7.6 

alee 21.0 

a. 2 

hae 32.5 

4.1 4.3 

0.8 0.8 

0.0 O.1 

hie 1.6 

1.59 1.68 

os 23.0 


R 
Glen Lyn, 
Glen Lyn, Va. 
23°X 30 
4, intertube 
Horizontal 
Air cooled 


24 
35,200, avg. 
604,000-final 


Semibituminous 


No. 3, Pocahontas 


Kilpoea mine 


Coal Slag F. A. 
363 362 365 
5.2 se re 
0.6 wah 
pias 41.1 
53.1 54.3 53.9 
33.8 30.5 28.6 
9.1 0.3 4.2 
re 8.0 5.4 
was O.1 0.0 
oti 9.3 10,2 
1.0 2.8 Bi 
0.8 1,2 1.0 
0.0 Dyt 1.5 
2.2 2.7 2.7 
1.57 1.78 1,88 
iv 8.2 41,0 
2725 2350 2385 
2795 2530 2530 
2850 2815 2766 
2170 > 
2325 F 
+2730 . 
Viscous ° 
2800 to . 
2950 


TABLE 2 COMPARISONS OF SELECTIVE ACTION AND METALLIC IRON IN THE SLAGS 


454 TRANSACTIONS OF THE AMERICAN § 
AP Station’: oyu cero outel sil -ars enmeloueaenne A B Cc D E F 
2 Equivalent Fe2Os as per cent of Fe2Os 

in coal ash....---- eee eee eereee 117 108 119 121 91 (89) 
3 CaO as per cent of CaO in conliashiae) 18l Lite 74 £102 224 (52) 
4 Metallic Fe as per cent of total Fe... --- 11 19 12 9 21 


Table 2 shows the iron and lime in the slag as percentages of 
those in the coal ash; the values in brackets are not included in 
the averages because they are not representative; at station Jae 
where petroleum coke was burned, the slag would be expected to 
be contaminated with the lining of the bed or with slag remaining 
from the burning of coal. Four slags showed a decrease in iron 
and five a decrease in lime, but none of them showed a decrease 
in both. 

The alkalis in the slag were invariably lower than in the coal 
ash, probably because some of the alkali was volatilized; most 
sets of samples show alkalis to be missing. 

The average increase in iron was 11 per cent and of lime 13 per 
cent; although these increases are not large, yet they aid in 
lowering the flow temperature of the slags. The relative increases 
of the fluxes in the various slags cannot be explained with any cer- 
tainty; the action is probably quite complicated. 

Another selective action is important, namely—the increase 
of the silica as expressed by the silica-alumina ratio, item 29 of 
Table 1. The increase of silica in the slag is very definite and 
was noted for all the coals except G; this one exception cannot be 
explained. Neglecting F and G, the average increase in the silica- 
alumina ratio was about 10 per cent. 

Ferric-Iron Percentage. Fig. 2 shows that the flow temperature 
is very dependent on the reduction of the iron, particularly as 
the total iron in the slagincreases. Item 29, Table 1, gives the fer- 
ric percentage; for the slags, it ranged from 2.1 for Q to 34 for N. 
There is no apparent connection between the ferric percentage 
and the chemical composition, nor with the rates of heat release 
per square foot of item 10. Thus both N and R burned semi- 
bituminous coals, and the rate of heat release per square foot 
was the same, but N had a ferric percentage of 34 and R of 3.2; 
the heat release per cubic foot is not given, but they are also 
about the same for these two stations. 

The factors that fix the degree of reduction of the iron in 
the slag cannot be named definitely. The iron in the coal ash is 
largely a sulphide. Are the particles reduced to the ferrous 
state in the flame before they reach the bed or are they reduced 
after reaching the bed? The evidence points to the latter sup- 
position. 

Item 29, Table 1, shows that the ferric percentages of the fly 
ashes were all high, averaging about 75. They were usually 
above those of the corresponding slags when in equilibrium with 
air, as shown by the following: 


Station. saan sre Bn haGae tle ae Kee Ne Ogee: R 
Ferric percentage..... 82 73 83 78 84 64 77 80 76 Al» Sal 
Increase or decrease 

above air value.... 1 -3 12 —2 0 20°26 22 816))—13 


Although some oxidation may occur, it is not likely that the 
particles were highly reduced while in the flame and oxidized as 
they cooled, because the time would be short and they were 
in contact with the furnace gases. It is more likely that the time 
did not permit the average particles to be fully reduced before 
they reached the bed. What actually happens when a particle 
falls on the bed is conjecture, but by watching them one can see 
that a large number at least are not immediately absorbed. 

That there is often a kind of scum on the bed has been noticed 
when attempts were made to take temperatures with an optical 
instrument. During the tapping of a furnace at station G, 
particles coming off the top of the slag were noticed, and a ladleful 
was caught without slag. This ash was analyzed and gave SiOz 
36 per cent; Al,O;, 23 per cent; total Fe as Fe:O;, 24 per cent; 
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G H I J K L M NOE? Q R_ Avg. 
113 n2oelsgoIG a 76 14 99 109 98 85 128 102 111 
127 81 105 76 1338 (68) (100) 118 94 140 90 (280) 113 

5 8 5 2 5 mole 15 SS aa 4 3 2 8 


CaO, 4.7 per cent; MgO, 0.7 per cent; sulphur, 5.4 per cent. 
Because of the sulphur the forms of iron could not be deter- 
mined, but about half of the iron must have been sulphide. 
This analysis proves little, but shows that all the particles of sul- 
phide are not fully oxidized when they reach the bed. 

Station J sent samples collected during a special series of 
tests in which the rates of burning were varied, but only two sets 
have been analyzed to date. The results do not confirm the 
supposition that the ferric percentage decreases with rating; in- 
stead, they show the reverse as follows: Test 7, with 15,000 lb 
coal per hour, ferric percentage, 17.5; test 9, with 40,000 Ib coal 
per hour, ferric percentage, 26.0. Thus the rate of burning is 
not the sole criterion. The appendix gives further data. 

As stated, the general effect of the ferric percentage on the flow 
temperature can be judged from Fig. 2. With low iron the 
curves show that the minimum fiow temperature does not occur 
with the smallest ferric percentage; one would infer, therefore, 
that when the iron is low it should not be reduced too much. 
This point was checked by tests on the slag of R, which had the 
highest flow temperature. On the basis called for in the title of 
Fig. 2, the slag had 9.5 per cent Fe,0; and 4.1 (CaO + MgO); 
the point for this composition lies near point B of Fig. 2. The 
slag as received had a ferric percentage of 3.2, and the flow tem- 
perature was higher than the limit fixed for the furnace, but 
was above 2730 F. The slag was oxidized at a low rate with the 
temperature maintained at 2720 F; its fluidity increased and 
finally attained that fixed as a standard. An analysis of the slag 
in this state gave a ferric percentage of 14. However, it is quite 
possible that the station could not obtain this higher ferri¢ per- 
centage without a reduction in the furnace temperature, so that 
more would be lost than gained. 

With high iron the effect of the ferric percentage on the flow 
temperature is great enough so that differences in ease of tapping 
may be explained by it. Thus the slag received from D had a 
ferric percentage of 21, but the station sent analyses of slag 
samples taken at other times for which the ferric percentages 
ranged from 3.5 to 34; this would mean a difference of about 
250 deg in the flow temperature, which could make consider- 
able difference in the tapping. 

Metallic Iron in the Slags. Item 22, Table 1, shows the per- 
centages of metallic iron in the slags; this ranged from 5.5 to 
0.1 and tended to be lower as the total iron decreased. Item 4, 
Table 2, shows the metallic iron expressed as a percentage of the 
total iron; this also tended to decrease as the total iron de- 
creased, The high value of M was probably connected with the 
trouble that was being experienced at the time the sample was 
taken. No evidence can be offered as to how closely the metal- 
lic iron is held in the slag and whether it can agglomerate or sink. 

It will be noticed that in no instance was any metallic iron 
found in the fly ash. 

Sulphur. Except for A, the sulphur in the slags was low, 
and in all but two slags it was below 0.12 per cent. Slag A con- 
tained sulphide iron, and the coal ash was very high in iron, 
which shows that before the sulphur was oxidized particles of 
iron sulphide were buried in what must have been a very fluid 
slag. 


Asa Fusion Data 


Items 30, 31, and 32, Table 1, give the A.S.T.M. standard 
cone-fusion values. ‘The chief interest in them is how much in- 


_ in error. 


formation they can convey and how far they indicate the nature 
of the slag. 

There is need for further investigation on the relation between 
the cone values and the properties of slags measured by other 


'| methods; the data developed in this investigation will permit 
~ such studies. 


The discrepancies between the nature of the slag 
as obtained by the methods used in this investigation and the 
cone values require study; some partial studies were made and 
more are proposed. One factor is very prominent—namely, 


| that the ash of a coal has not been melted previously, whereas 
‘the ground slag has. 


The peculiarities will not be discussed here, but one outstand- 
ing example is the coal ash of R. The values obtained by the 
standard procedure appeared so out of line that they were in- 
vestigated. It was found that if the ash was first melted in air, 
ground, and then tested, the values were more logical. The com- 


"parison is: 


Initial Softening Fluid 
Watural Conl Ash. « cdcs.nc5 oem ce moms 2725 2795 2850 
PA LOIf USIOM Mrotecccle hie ces eine, catsie ore 2458 2654 2936 


Fig. 4 was plotted to show the relation between the fluid tem- 
peratures as given by item 32, Table 1, and the flow temperatures 
of the slags corrected on the assumption that they all had a ferric 


) percentage of 10 instead of the actual ferric percentages given by 


item 29. The cone fluid temperatures of both the slag and the 
coal are plotted. 

The dotted line is the best mean of the points shown as crosses, 
which indicate the cone fluid temperatures of the slag; eight of 
the points lie reasonably close to the line, but others are not near. 
The dotted line is also a fair average for the circles, which indicate 
the coal ashes, but this is more a matter of chance, because the 
points that depart from it are not the same as for the slags. 

The plot shows that the cone fluid temperature may predict 
fairly the flow temperature of the slag, but that it may be much 
If the dotted line is taken as the probable value of the 
flow temperature of the slag, then the flow temperature for a ferric 
percentage of 10 will be: 


Flow temperature = 1.2 (cone fluid temperature — 470) 


As stated, this formula should give the probable value, but 
the flow temperature computed may be much in error. 

It would be very convenient if the values given by the A.S.T.M. 
standard cone test could be used to predict the flow tempera- 
ture; it would be more convenient still if cone determinations 
of the ash of the coal could be made and be used to predict the 


‘probable flow temperature of the slag if the coal were burned in a 


slag-tap furnace. 

As stated previously, such a possibility is based on a more 
thorough knowledge of the meaning of the values given by the 
cone test and how they are to be interpreted. This test is stand- 
ardized and is not expensive; also such data are required for 
other applications. A chemical analysis of the ash, however, 
would probably be required in conjunction with the cone value; 
also correction would have to be made to the ferric percentage, 
either actual or assumed, of the slag in the bed. 

Actual Fusibilities of the Slags. Items 33, 34, and 35, Table 1, 
show the fusibilities determined for the slags as received, the 
determinations being made in an atmosphere of nitrogen to 
prevent the forms of iron changing during the test. 

The “sticky temperature” is that at which a particle of slag 
under slight contact pressure first adheres to an adjacent particle. 
It is of no interest in the present discussion. 

The actual flow temperatures ranged from 1975 F for A to 
+2730 F for R, for which the probable value is about 2780 F. 
Item 35 shows that A and B are in a low class by themselves and 
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Q and R in a high class, the others spreading over a range of 
2300 to 2550 F. 

The penetration temperature is that at which the slag has 
that state of fluidity that a platinum rod of 0.050 in. in diameter 
can be pushed through it with a force of about 6 0z; it corresponds. 
to a condition that would be described as soft. Item 34 shows 
that the values for the penetration temperature did not vary as 
much as did the flow temperature. The interest in the penetra- 
tion temperature is whether the temperature ‘interval’ be- 
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FLOW TEMPERATURE OF SLAG, °F. 

Fie. 4 Prot or tun A.S.T.M. Cong Fiuin TEMPERATURES 
(For the slag from the furnace and for the ash of the coal against the 
flow temperature of the slags as received.) 
tween it and the flow temperature is an indication of the rate of 
change of the fluidity at the tapping temperature; this rate of 
change both below and above the flow temperature is highly 
important to the operator. If in all slags the fluidity increased 
regularly between the penetration and flow temperatures, then 
one in which the interval was large would give more leeway in 
tapping than if it were small. 

In general, the fluidity of slags with large intervals did not 
change uniformly and the rate of change was not proportional to 
the interval. The following peculiarities of a few of the slags 
are given: 


Slag A had an interval of only 30 deg, and therefore became 
fluid very rapidly 

Slag E was nearly fluid 70 deg below the flow temperature, 
and then changed very slowly 

Slag F did not increase rapidly in fluidity until within 25 
deg of its flow temperature and was excessively fluid at 
15 deg above 

Slag K was nearly fluid 180 deg below its flow temperature, 
and then changed very slowly 

Slags N to R changed in fluidity very slowly; slag R would 
flow slowly at 2720 deg. 


Item 37 gives the station reports on the ease of tapping. 
These independent observations may not be based on the same 
conditions, as the reactions of the observers would depend on the 
facilities for the operation. Station R reported that the flow was 
very free for the first 10 min, and then became sluggish. 

Item 37 gives some reports on the temperature of the slag 
when tapping. All those reported by the stations were made by 
an optical instrument. The measurement is difficult to make, 
and optical in: t:uments are not always reliable. 


456 


The Bureau investigators made the measurements at G andR. 
Particular pains were taken at R, and shields and supports were 
installed. The optical pyrometer was calibrated especially for 
the test, and in addition a platinum-rhodium thermocouple was 
immersed in the slag. The values obtained were: 


Start of tap, optical, F.........-. 22ers esse eee ness 2770 
At LO main optical, HE Qets cre mi etter lersis te lereioue elope oe myaueceonieaer es 2740 
At 10 min, thermocouple on surface, Ue Se Nee ohcteh mean eae 2705 
‘At 10 min, thermocouple 11/2 in. below, Ie ete 6 oe Ee OO 2625 
At 1 hr, optical, By.) 205 sce ee oe vee vniee s cmienee selene tie 2705 


A similar attempt was made at station G, but excessive steam 
from the water spray prevented good readings from being ob- 
tained. 


RETURNING FLY ASH TO THE SLAG BED 


Disposal of the fly ash is one of the problems of power plants. 
When slag-tap furnaces are used, the idea of returning the ash 
to the furnace and absorbing it in the slag appears attractive. 
How many stations have attempted this practice is not known, 
but it has been followed at the Hell Gate Station, New York, 
with at least enough success to continue it. A recent letter from 
Mr. J. J. Grob, engineer of tests, says: “We have continued to 
return our fly ash to the furnace and have always utilized the 
dry fly ash from the hoppers to facilitate its injection into the 
furnace by feeders. It appears that most of the fly ash finds its 
way to the floor, but a large percentage of this settled fly ash 
does not melt, some of it becoming mechanically entrained in 
the slag which deposits in the combustion process or else lying 
on top of the slag mass in the form of a dust which is moved 
around by the draft currents. In some of our experiments we 
‘injected fluorspar, which helped the slag removal, and we also 
tried soda ash, which appeared to be even better than the fluor- 
spar. We do not, however, use any fluxes as a regular proposi- 
tion, since later developments improved the conditions of slag 
removal.” 

At the request of the committee the Bureau undertook a study 
of this phase. The analysis of the problem was that it can be 
divided as follows: 

1 Handling the fly ash until it is delivered to the furnace. 

2 Injecting it into the furnace. 

3 Depositing it on the bed and preventing it from being 
carried out of the furnace. 

4 Absorbing it in the slag. 

5 Effect on the fluidity of the slag and its tapping. 

Item 1 is a plant problem and will not be discussed. 

The methods of injecting the fly ash and the success in deposit- 
ing and retaining it on the bed depend on certain requirements 
which will be discussed. If the compositions and relative 
quantities of fly ash and slag are known, the resulting fluidity 
can be predicted from data already obtained. Evidently, the 
absorption of the fly ash by the slag must first be studied. 

The problem of absorption in the slag appeared to fall into 
two fields—one in which the composition of the fly ash was such 
that it would melt and have the fluidity for tapping at the tem- 
perature of the slag bed and one in which it would not melt. 
It was also evident that the size of the lumps of fly ash might 
bear on the problem in so far as such lumps might project above 
the bed and be subjected to the hot gases or might be immersed 
below the surface and thus be at a lower temperature; also the 
size of the lump materially affects the area of fly ash in contact 
with the slag. 

An attempt was made to gain some information in a small gas 
furnace with a pot 10 in. in diameter, but the high velocity of the 
gas swirled the compressed lumps of ash about, and the ash was 
earried away instead of being melted. Therefore, the remaining 
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studies were made in the large experimental furnace shown in 
Fig. 17 of the second report; the slag bed was 28 in. by 32 in. 
The technique of its use is described in the same report. 

The test was run continuously day and night for 10 days. The 
first step was to form a bed of molten slag, for which that from 
Toronto (column G, Table 1) was used. The temperature of the 
slag surface was maintained at 2600 to 2650 F. The atmosphere 
was reducing, as shown by the percentage of FeO; in the slag at 
progressive times: 


Hours from start.......0.eeeseeeeeenee 0 22 
Per cent PexOs....-...0.ee-ceecerceeee 4.0 4.6 alail 


The average velocity of the gases as measured was 9 ft per sec 
1/, in. above the slag surface. 


TABLE 3 PROPERTIES OF FLY ASHES USED IN TESTS 


Ash oan tocrreteieae ators: esiercleiskote No. 1 No. 2 No. 3 
Promivctac aren ete rede clos cterneteys Trenton Channel Hell Gate Hell Gate 
Sample No.......-+0+e+eeeee5 526 245 241 
Combustible, per cent........- 5.8 17.0 58.0 
Ash analysis, per cent: 
i 51.6 50.2 53.0. 
Bw if 28.8 23.8 
6.6 she a 
1.9 aE An 
0.1 is Be 
9.1 13.6 13.9 
Gs eae eaareloletbiets cneasiel> ore 2.1 4.0 3.9 
IMG Oe rsitsterds severe si sivemceiegs' 0.9 2.3 2.0 
SOs MAR a ome Siete te bribe snecehere a 0.4 0 
Al ralisnememmiewincic scien: O27. 2.4 
A.S.T.M. cone, F: 
Anitieeccs rae ete ciavetere 2 estore .e 2516 2150 2030 
Softening........++++++++-- 2619 2300 2290 
IQDIGWE snmaou nod de Gould ance 2804 2690 2580 
Flow temperature....-.-+-+-> +2700 


Fly ashes that were available were used; Table 3 gives their 
properties. No. 1is quite refractory. Nos. 2 and 3 are closely 
similar, except for their combustible content; both also con- 
tained sodium and potassium salts, presumedly from being wetted 
with sea water. These ashes had relatively high flow tempera- 
tures compared with the slag and were used to accentuate the 
factors involved. 

The next step was to place lumps of the fly ash or other mix- 
tures on top of the slag, watch what happened to them on a time 
basis, remove the lumps at various stages and examine them when 
cold, and perhaps analyze portions. The objectives of the ex- | 
periment were developed for the main part as the tests proceeded. 
The results of the tests are summarized because the effects of 
the factors are interlocked; few experimental data are given. 


SumMARY OF RESULTS 


Hell Gate reported that it was injecting the ash in a dry state; 
such a procedure did not seem logical, and it would be expected 
that a large part would be carried out of the furnace. This 
proved to be so, even with the relatively low velocities of the 
test furnace and in which the ash did not drop any distance. The 
logical method seemed to be to wet the ash, and a number of 
tests were made to determine the effect of wetting. However, 
wetting cannot be considered independent of the size of the 
lumps. 

A dry ball or block was one that had been molded while wet 
and dried; it was fairly solid and would break into small pieces 
rather than dust. The relations between wetness and designa- 
tion were, approximately, as follows: 


Water, per cent of ash.....-- 10 20 30 45 55 
Designation......-+++ee+e++ Damp Wet Very wet Plastic Sludge 
Under the condition of test in which the lumps were placed on 
the bed instead of being dropped from a height, wetting or even 
molding and drying eliminated dust. A dry ball retained its — 
shape after it was placed in the furnace. After the lump had been | 


placed on the bed, it did not flatten materially with moisture up 


to 30 per cent; with larger amounts the balls tended to flatten 
out, and with 45 per cent and higher the round shape could not 
be maintained. A dry ball remained quiescent, and its exposed 
surface fused quickly; the height of its projection from the bed 
_.remained the same for a long time. With the ash wetted, 
A “spluttering” occurred; that is, the exposed surface erupted and 
threw out showers of small pieces which increased in size with a 
wetness up to about 30 per cent. The result was that the ex- 
posed part of the ball decreased in height in a few minutes, and 
i) the small pieces were distributed over an area of about 6 in. 
“radius; the surface of the ball did not fuse until the eruption 
ceased. Jor balls over 1 in., the percentage of the ball that was 
erupted appeared to decrease with increase in the size of the ball; 
with larger balls the action was slower; and with very large pieces 
| the percentage of spluttering was small. 
The maximum spluttering occurred with about 30 per cent 
) moisture, although the difference between 10 and 30 was not 
- great. As the material became so wet that the ball spread over a 
b larger area and the layer became thinner, the spluttering ‘de- 
} creased and pieces fell back on the lump. A #/s-in. layer of 
sludge spread over 2 sq ft of the surface did not splutter, but 
heaved because of steam generated below it, and was split up 
- into small floating pieces. 
_ Examination of the residue of the balls removed after one or 
/ ) more hours showed another action attributable to the moisture, 
'} because there were fissures in the unmelted portions into which 
black slag had flowed. The number and size of these were 
greater with increase in moisture; this admittance of the slag 
will aid absorption. 

Effect of Combustible in the Fly Ash. Before making the tests it 
was recognized that the presence of combustible in the fly ash 
would have some effect. First, it could reduce the Fe:O; in the 
ash to FeO or Fe; second, it could act as a mechanical separator 
between the particles of ash and prevent them from fusing to- 
gether. Both these suppositions were found to be correct. 

That a certain amount of the carbon is consumed in reducing 
the FeO; to FeO or to Fe and that the excess carbon re- 
mains mixed with the ash are shown by the following: Balls 
of ash No. 1 were made up, each weighing 2 lb; the carbon 
was in the form of 60-mesh soft coke, and the carbon content 
of the balls was 5.8, 10.0, 23.5, and 46.0 per cent. These were 
dried, placed on the slag, watched, removed at the end of 2 hr, 

- examined, and parts taken for analysis. 


TABLE 4 EFFECT OF CARBON IN FLY ASH? 
Metallic Weight 


Analysis, per cent Fe as of 
; Portion Combustible per cent piece 
_ Carbon of by of removed, 
| per cent ball ignition FeO; FeO Fe total Fe lb 
: 5.8 ecceid 3.6 0.1 2.9 3.9 62.0 0.46 
os) Surface 0.6 0.0 7.8 0.3 5.0 
10.0:.... Center (hehe) 0.1 3.1 3.5 60.0 0.36 
23.5... ie 22.4 ay ar oes ap 0.50 
enter 46.2 0. 2. ue ee 
46.0.... | Sertace GU GW AO: Orrin 4T. 8 i OL 7h ee 10,0 } 0.57 
@ Ash analyzed: Fe203:, 6.6 per cent; FeO, 1.7 per cent; Fe, 0.1 per cent; 


metallic Fe, 1.6 per cent of total Fe. 


_ There was a distinct difference in the material at the centers 
| of the lumps removed. With low carbon, the ash was well 
sintered together; as the carbon increased, it was looser and 
' more friable. Table 4 gives the summary of the measurements. 
With all percentages of carbon the FeO; in the original ash had 
| all been reduced to FeO and Fe. Theoretically, each per cent of 
| Fe,0; requires 0.075 per cent of carbon to reduce it to FeO and 
a 0.225 to reduce it to Fe. The carbon which the table shows to 
have disappeared at the center is well within the order of ac- 
curacy. 
j The surfaces for the 5.8 and 46.0 per cent samples were the tops 
- of the balls; these surfaces were exposed to the furnace gases and 
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were not in contact with the slag. The table shows that most 
of the carbon at these surfaces had disappeared and that the per- 
centages of metallic iron were much lower than those at the 
centers; these actions can be attributed to oxidizing by the 
furnace gases. 

The deductions from these data are: 

1 Carbon in the center of a lump of fly ash reduces a large 
portion of the iron to the metallic state, and only a small quantity 
of carbon is consumed in this action. 

2 The remainder of the carbon is available for reducing the 
iron in the slag bed, as evidenced by the vigorous boiling around 
the sides of even a dry ball after it is inserted in the slag. 

3 Itis probable that most of the excess carbon released by 
the melting of a ball will rise to the surface and be oxidized. 

4 Whether the addition of a large proportion of fly ash to the 
bed will cause trouble due to metallic iron is not known, but at 
least it will tend to lower the fluidity of the bed. 

5 The carbon is partly burned out at the surface of the ash 
exposed to the furnace gases. 

The presence of combustible is therefore another reason for 
spreading the added ash over the bed in a thin layer. This was 
further proved by tests on ashes Nos. 2 and 3, both having high 
combustible and containing sodium; the burning of the carbon 
could be seen. With 50 per cent water a thin sheet burned over 
the whole surface, and all visible signs of the ash were gone in 
50 min. Even with a large lump having the same moisture, 
the ash tended to spread over the surface. Although the ash 
disappeared in both instances, yet that portion of the bed re- 
quired much longer time to reach normal fluidity by feel. 

All the many trials with balls containing combustible showed 
that it acted as an infusible diluent and thus prevented the ash 
fusing together and that this effect increased with increase of the 
carbon. However, all these three ashes were not free flowing at 
the temperature of the furnace; the Appendix gives tests which 
show the retarding effect of carbon on fly ashes, the flow tem- 
peratures of which are near the temperature of the slag bed. 

Effect of Fluxes on Fly Ash. As ash No. 1 was quite refractory, 
it was logical to try the effect of adding fluxes to the ash. A flux 
in sufficient quantity was known to be effective because exactly 
the same thing was done in the tests in this same furnace, as 
given in the second report. 

Hydrated lime and crushed limestone were added to give 10 
per cent CaO in the mixture; the moisture was varied according 
to the type of lump inserted. Both appeared to increase the 
spluttering, and both reduced the time for absorption. This 
reduction amounted to 1 hr when judged by appearance and 31/2 
hr when judged by the bed attaining uniformity by feel. The 
time required for the bed to reach a uniform feel was greater as 
the lump was larger, because that portion of it which was deeper 
in the slag would be at a lower temperature. Fluorspar also 
acted as expected and in a shorter time than did the lime. 

The most important effect was that finally the portion of the 
bed to which the ash had been added acquired the same fluidity 
as the rest of the bed, whereas without the flux it was stiffened. 

Effect of Common Salt. As stated, ashes Nos. 2 and 3 con- 
tained sodium and potassium chlorides, presumedly because 
they had been soaked with sea water. It was thought that these 
salts might help in the melting, although it had been shown 
that at furnace temperatures chlorides volatilize before they can 
be absorbed by the slag. Tests were made with these ashes 
and also No. 1, to which NaCl had been added. This appeared 
to make the boiling more vigorous and because of the luminous 
flames gave the impression that it helped the carbon to burn. 

There was nothing definite enough to show that the presence 
of the chlorides was an assured benefit. 

General Conclusions on Absorption of Fly Ash. The samples 
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received from the stations showed that the fly ashes contained 
less flux and consequently were more refractory than the slag. 
As a consequence, any station that returned the fly ash to the 
furnace would be raising the average flow temperature and would 
have to increase the minimum rating at which it could tap with 
the same facility. 

The studies reported deal with local actions on rate of absorp- 
tion and the stiffening of the surrounding slag. This is all- 
important in a furnace, because floating lumps interfere with the 
flow of slag through the relatively small tap hole. Furthermore, 
when lumps are distributed over the whole bed, they may form large 
islands of solid slag, either stationary or floating; as long as they 
are stationary they will not interfere with tapping; on the other 
hand, if such large masses are melted during a period of opera- 
tion at high rating, they will give a slag which will cause trouble in 
tapping if the temperature should fall. 

At each station the best distribution of the fly ash would be a 
problem related to the relative properties of the slag and ash and 
to the quantity of ash it was desired to return. Whether dis- 
tribution is considered from a local or general standpoint, it 
would seem that the ash should be distributed uniformly both on 
an area and a time basis and that an added layer should be thin. 
It would also seem necessary to wet the ash to prevent it from 
being carried out as dust. Whether wetting be slight to form 
small balls or pellets or whether the ash be made semi-fluid so 
that it can be distributed as a stream is a question of cost and 
convenience. The tests showed that the semi-fluid state was 
preferable, although small balls should be satisfactory if the ash 
is not refractory relative to the furnace temperature. 

Assuming an extreme case of a coal with 10 per cent ash, with 
40 per cent of the total ash of the coal returned to the furnace 
as fly ash, and with 50 per cent moisture, the water used per 
pound of coal would be 0.02 lb; with 400 F stack temperature 
of the gases, the loss per pound of coal would be about 22 Btu; 
this would be offset if the fly ash contained about 6 per cent com- 
bustible which burned. 

The data from the stations showed that the greater part of 
the iron in the fly ashes was Fe.03; that is, the ferric percentage 
was high. Fig. 2 shows that the effect of a high ferric percentage 
will depend on the total iron in the ash, but it will always be 
necessary for the iron in the fly ash to be reduced if it is not to 
raise the flow temperature of the slag bed. It is therefore very 
fortunate if the combustible insures this reduction, but only a 


small quantity of carbon is required. The samples from the 


stations show that if the fly ash comes from a collecting system, 
the combustible will usually be low; ash No. 1, Table 3, is an 
example of such an ash and had 6.8 per cent. The few samples 
of ash from hoppers that have been received were high in com- 
bustible, and presumedly this will usually be so. 

Actual tests in which large quantities of fly ash are added 
would be required to determine whether the excess carbon would 
result in high metallic iron and whether it would accumulate at 
the bottom. 

It would, however, seem desirable to give the carbon an op- 
portunity to oxidize on the surface by depositing the fly ash in a 
thin layer and not to sink it in the bed by adding the fly ash as 
large lumps. 
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Appendix 


Some of the data obtained since the report was written is added 
to increase the completeness of the sections on samples from 
stations and returning fly ash to the slag bed. 


Samptes From Huntiey No. 2, Station J 


Station J collected samples during a series of tests for other 
purposes in which the coal fired varied from 9600 to 40,000 lb 
per hr. The slag sample was collected in a box submerged in 
the water below the outlet from the slag-discharge pump. The 
fly ash was from that deposited in the third pass. 

Five of the eight sets of samples were examined. The data 
for the highest rate are shown in Table 1; the full data for all 
five are not given because the analyses show inconsistencies which 


indicate that the samples are not true averages. The following 
values are of interest: 
Coal, lb per hr.......-- 12,100 15,000 16,500 20,500 40,000 
Slag, ferric percentage. . 16.9 18.3 10.5 10.6 26.2 
Fly ash 
Ferric percentage. 72.1 70.6 75.2 74.0 63.1 
Combustible, per 
Centirecciieicss 24.9 15.1 36.3 17.8 12.0 


They indicate that the slag was more reduced at medium rates. 
That it was least reduced at the highest rate seems illogical, but 
reasons for it could be that the reducing area of the flame was 
further from the burner or that particles deposited were covered 
before they were fully reduced. The fly ash at the highest rate 
contained the least carbon and the ash was most reduced; the 
latter would seem logical, but both would depend on the effect 
of the gas velocity as fixing what is deposited in the pass. Closely 
controlled tests would be required before making safe generali- 
zations and the effect of rate may not be independent of the equip- 
ment. 


Rerurnine Fry Asn To THE SLAG Brp 


A further set of tests was made using fly ashes with lower 
flow temperatures than those on which the conclusions in the 
paper were based. The same slag was used for the bed—that 
from Toronto, Station G. That station also collected, by the 
dust-bag method, a supply of fly ash which by analysis contained 
6.2 per cent combustible and its ash 28.8 total equivalent FeO; 
and 3.9 (CaO + MgO). To form an ash free of carbon, the slag 
used in the bed was ground to 60 mesh. 

These two ashes were made into balls weighing about 2 lb dry 
and from 4 to 5 in. in diameter; definite proportions of carbon 
and water were used as in the previous tests. 

The actions when the balls were placed on the bed were much 
the same as with the higher fusion ashes with the exception that 
there were less eruptions and spluttering. The balls of ground 
slag did not have the binding quantity of the fly ash and tended 
to disintegrate; this and the larger size of the particles affected 
the results. 

Table 5 gives the principal data on the effect of carbon and 
corresponds to Table 4 for the higher-fusion ashes. All these 
trials were made with balls molded moist and partly air-dried 
when placed in the furnace. The effect of carbon in delaying 
absorbtion is illustrated by the slag taking 0.3 hr, the fly ash with 
6.2 per cent carbon 1.5 hr, and with 15 per cent carbon 4.2 hr. 

The analyses must be considered relative to the time elapsing 
before the lumps were removed. Evidently the center of the slag 
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balls did not have the time or temperature necessary fully to re- 
duce the iron. The centers of the balls of fly ash show high me- 
tallic iron which is largely oxidized when exposed at the surface; 
with the 50 per cent carbon and the 1.5 hr in the furnace, 51 per 
cent of the total iron was metallic, and 11 per cent of the metallic 
iron was in the form of pellets over 60 mesh. The shapes of these 
pellets showed that they were trickling through the particles of 
unfused ash; it is improbable that they would ever have been 
exposed at the surface so that they could oxidize, but would have 
ultimately sunk in the bed. 


TABLE 5 EFFECT OF CARBON IN FLY ASH 


Time to Metallic 

absorb Fe as 

or per 

—Ash used—. when cent 
Carbon, re- -——Analyis, per cent——__ of 

per moved, —Part analyzed— Ash total 

Kind cent hr Portion State Carbon Fe2O3 FeO Fe Fe 
Slag 0 0.3 as wer hae 5.00 NePe a 
Slag 10 0.6 Ns, 3% cere stead r ae xP 
Slag 10 0.23 Center Sintered Ts O06 29.8" “0.8 3 
Slag 10 0.23 Surface Slag (0) 48° 22.9 AES 8 
Slag 25 0.26 Center Dust 19.2 3.6 26.9 0.4 2 
Slag 25 0.26 Surface Slag 0.1 2.4 24.3 2.4 10 

Slag 50 0.27 Center Dust 89.5 2.3 (26.7 0.7 3¢ 
Ash 622° 1-5 ae SES eats ae ie oe 
Ash 6.2 0.5 Center Sintered Sao Ole 62058" 6.2) 2s 
Ash 6.2 0.5 Surface Slag Of 214° °24.9 2.0 9 
Ash 15 4.2 Secs Dele Serie tic] 5 fo re 

Ash 50 1.5 Center Dust SOLO mOnS mele le Laat 516 
Ash 50 1.5 Surface Slag OO. 268)" ~ 2374 1.9 9 


@ Some iron pellets over 60 mesh. 
b 5.5 per cent pellets over 60 mesh. 


Tests with varying proportions of water to cause the slag to 
spread when placed on the bed confirmed that to a large extent 
the effect of the carbon was counteracted; with 50 per cent car- 
bon a layer 1/2 in. thick was absorbed in one hour but another, 
probably 21/2 in. thick in places, was not completely absorbed in 
5 hr. 

These results confirm the conclusion in the paper and show 
that even with low-fusion ashes carbon delays absorbtion and 
forms metallic iron, some of which may ultimately reach the 
bottom of the bed. 


Discussion 


BE. G. Bartny.? The authors have presented a very complete 
report on a research subject of great interest to the “Fuels Di- 
vision” of the Society. At the present time there are in opera- 
tion about 80 large boiler furnaces from which the slag is removed 
in the molten form in a satisfactory manner. 

A paper entitled “The Slag-Tap Furnace and Its Effect Upon 
the Selection of Coal for Burning in Pulverized Form,” by E. G. 
Bailey and R. M. Hardgrove and presented at the Third Inter- 
national Conference on Bituminous Coal showed that 75 per cent 
of all coal used by public utilities and 87.5 per cent of all coal 
available had a fusion temperature of less than 2500 F, and could 
be successfully handled in slag-tap furnaces. The combination 
of pulverized fuel with molten ash removal is adaptable to a 
wider range of fuels for high capacity and efficiency than any 
other method of combustion. The characteristics of fuels which 
limit their application to other forms of combustion, such as 
volatile, coking properties, low fusion temperature of ash, etc., 
can be ignored and the purchase of fuel is greatly simplified as it 
becomes a matter of buying coal on a Btu price basis for slag- 
tap furnaces. " 

This method, however, has one limitation, viz., high fusion 
temperature of the coal ash at continued low rates of combustion. 
A better understanding of the properties of slags, which is pro- 
vided by these “Progress Reports” on the research conducted 
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by the Bureau of Mines for the A.S.M.E. Special Research Com- 
mittee, will be of great help to operators. As in the case of any 
new development the increase of knowledge through research and 
operating experience will extend and improve the usefulness of 
as important a process as the collection and removal of ash 
from coal-fired furnaces. 

The effect of oxidation of iron in the slag on its flow temperature 
is reported very completely in this paper. The minimum flow 
temperature as shown in Fig. 2 occurs with 30 per cent of the 
iron in the ferric state for the slags low in iron, decreasing to 10 
per cent or less for the slags higher in iron. The slags actually 
received had a maximum of 31 per cent of the iron in the ferric 
state with the average much lower than this. It would not seem 
therefore that changes in the path of the flame over the slag sur- 
face or in the amount of excess air used would be expected to 
lower the flow temperature appreciably, although detailed study 
of individual cases may be fruitful in the light of this information. 

In general, a minimum excess air and a flame closely in contact 
with the slag should give a minimum amount of ferriciron. Both 
of these furnace conditions tend to raise the temperature of the 
slag pool which makes the slag flow easier. Furnaces D, H, 
and K have vertical burners impinging directly on the slag and 
in spite of this fact two of these slags show a high relative amount 
of ferric iron. A possible explanation of this may be that the 
secondary turbulence produced by this impingement of the flame 
on the floor may burn the coke on the surface of the slag before it 
can reduce the ferric iron. The slags from these three furnaces 
are all reported as tapping freely. It is believed that these burn- 
ers directed vertically downward against the slag pool could be 
placed even closer than the present distance of about 16 ft, 
thereby securing even better results. This would extend the 
range of satisfactory operation and reduce the cost of the furnace 
through higher rates of heat liberation. 

The discussion of melting fly ash in the slag bed is of interest as 
it provides a simple means of disposing of this dust. 


A. L. Baxer.® The work done by this Committee, so well pre- 
sented in the paper by Messrs. Nicholls and Reid makes a valuable 
contribution in this field. 

The extensive use of the locally famous ‘‘Kincaid” coal in the 
central stations of the Chicago District together with the rapid 
increase in number of slag-tap furnaces in use has been the cause 
of an unusual amount of interest in that rather neglected by- 
product of the steam central station, the slag ash. Research 
activities have been widespread in delving into the nature of the 
slag, both in molten and solid form, and its behavior under vari- 
ous conditions. This coal is unusual in that the percentage of 
ash is high, the sulphur content is high, and the slag is difficult 
to handle in the furnace or on boiler tubes due to a quality best 
described as ‘‘toughness.” 

Table 6 contains analyses of this coal from four mines in the 
Kincaid district. 

Table 7 contains analyses of Kincaid coal slag in three forms as 
obtained from a slag-tap furnace and supplements data given in 
Table 1 of the Report for furnace D. 

Table 8 contains analyses of Kincaid coal fly ash as obtained 
from gas samples and not shown in Table 1 of the Report. 

Experience with this coal and slag in this district confirms the 
Report in that generally the flow temperature decreases with in- 
crease in reduction of the iron in the slag. However, a compari- 
son of the total iron in the Michigan City and State Line analyses 
of slag from the slag tap furnaces indicates that for the same 
ferric percentage the flow temperature decreases with increase in 
total iron. Free flowing slag is an unusual thing at Michigan 

8 Engineer, Sargent and Lundy, Inc., Chicago, Ill. Assoc-Mem. 
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TABLE 6 FUEL ANALYSIS 
(Screenings from Kincaid, Humphrey, Calloway, and Taylorville Mines) 
————__———— Mine source— SSS No. of —-Analysis (as received) —_—_— 
No. Name Location Grade samples Moisture Ash Sulphur Btu 
7 Hawthorne Kincaid, Ill. Segs. 10 13.20 14.90 4.51 10,044 
8 Hawthorne Humphrey, Ill. Segs. 10 13.18 14.89 4.03 10,036 
9 Hawthorne Calloway, Ill. Segs. 8 13.80 13.89 3.81 10,127 
58 Taylorville Taylorville, Il. Segs. 11 14.22 12.76 3.89 10,207 
Averages 13.60 14.11 4.06 10,104 
TABLE 7 SLAG ANALYSIS 
(Kincaid Coal) 
; Metal- 
Sam- lie 8 8 Ss True 
ple Iron, Total as as as sp 
Date no Fe FeO  Fe203 Fe F Mn SiOz AlsOs CaO Mg TiO2 SS) Ss Sy} gr 
8/6-7/30 Gs—1 2.90 31.70 0.98 28.22 0.07 0.08 36.00 17.88 8.00 0.64 0.80 none none none 3.32 
9/24/30 GS—2 3.93 25.65 11.03 31.58 0.07 0.10 34.60 16.31 6.00 0.28 0.57 none none none 3.382 
10/3/20 
1330/30 GS—3 28.09 3.20 24.08 0.025 none 37.40 19.65 6.40 1.44 0.55 0.21 none 0.36 3.23 
10/23-27/30 GS—4 2.90 28.81 5.96 29.45 0.07 0.05 35.88 L707 7.80 0.06 0.76 none none none om 
7/25/30 CS—1 2.24 24.91 4.73 24.08 0.14 0.02 39.04 18.80 6.00 1.00 0.80 none none trace 3.20 
8/6/30 CS—2 2.24 24.49 5.50 25.13 0.07 0.09 36.00 19.04 9.00 0.80 0.80 0.01 tr 0.34 a 
8/7/30 CsS—3 2.57 24.36 9.60 28.22 0.07 0.08 26.48 18.00 6.18 1.53 0.72 none none none 
10/3/30 CcsS—4 3.37 24.18 5.63 26.10 0.07 0.07 38.60 18.77 6.40 0.28 0.55 none none none 
8/6/30 ACS—2 : wor ae ae ay ae oon : are 65 30 none none none 
Average 2.88 26.02 5.83 27.11 Ferric per cent = 15 
Michigan City 
5/8/31 2.24 23.15 5.14 23.85 0.10 0.04 36.01 24.02 6.30 1.44 0.56 0.14 0.07 (sit 
Indiana Coal—Ferric per cent = 15 GS—Granulated slag CS—Sampled while running blocks ACS—Samples from annealed blocks 
TABLE 8 ANALYSIS OF COTTRELL FLUE DUST 
(Curcaco District ELEcTRIC GENnpRATING CorPORATION, RESEARCH DEPARTMENT) 
Caled NS) Loss 
Sample total ; as Free Sp on 
no. (A) Date FeO Fe203 Fe SiOz AlOs CaO MgO TiO: SO: Cc COs: gr ignition 
5 10/14-18/30 3.31 17.30 14.66 45.40 23.70 6.80 (B) 0.76 0.87 0.80 0.70 (B) 1.00 
6 10/19-20/30 2.67 21.48 17.02 45.72 19.94 6.00 (B) 0.74 1.00 0.59 1.00 (B) 1.30 
7 10/23-24/30 3.72 17.80 15.34 46.36 20.53 6.40 (B) 0.85 0.97 0.98 1.20 (B) 1.40 
Qo ea teass Sica 3.16 15.68 13.44 45.10 21.34 6.85 0.92 0.71 2.28 (B) (B) (B) 0.90 
10 2/20/31 2.88 16.96 14.10 44.80 21.05 6.10 07, 0.76 2.39 (B) (B) (B) 1.80 
47 6/7/33 3.30 13.80 12.21 44.84 19.14 6.08 1.40 0.09 2.64 1.02 0 2.56 1.64 
49 9/3-7/33 4.80 12.15 12.28 45.20 19.43 5.80 1.43 0.28 2.47 0.95 0 2.50 1.59 
Michigan City 
4/8/31 2.87 12.00 10.64 42.60 31.90 3.84 1.44 1.20 0.96 2.60 
(A)—certified. (B)—no data. 


City where the slag has a total iron content of about 23 per 
cent whereas the slag at State Line with the iron content averag- 
ing 27 per cent usually flows freely and sometimes dangerously 
so. The ferric percentage is about 15 for both these analyses. 
Another way of stating this point would be, that the total per- 
centage of iron in coal ash is an important factor in determining 
the flow characteristics of the slag, other conditions being com- 
parable, the flow temperature decreasing with the increase in total 
iron content. 

From numerous experiments conducted over a period of years 
the flow temperatures of slag from slag-tap furnaces in this Dis- 
trict may be stated as follows: 


Kincaid coal; measurements by optical pyrometer at slag spout 


Extreme lowest flow temperature measured.......... 2200 F 
Average “‘low slag’ temperature.......--+2+eseeees 2350 F 
Average “high slag” temperature.....-..--+++--+++5> 2475 F 
Maximum measured temperature. .........-++++++- 2750 F 


At the lowest temperature the slag is of chewing gum consis- 
tency and very difficult to keep running. At the highest mea- 
sured temperature the slag is very thin and runs like water. Care 
must be taken to keep the flow to reasonably small proportions 
when the slag is at high temperature as the slag stream will 
penetrate extremely small crevices and is highly corrosive. A 
slag gate of heavy cast iron, not cooled, has been cut out com- 
pletely by a hot slag in a matter of a few minutes. Where 
the gate is water cooled the slag forms a protecting coating of 
frozen slag on the surface and erosion is prevented. 

Our experience confirms the point made in the Report that 
there is a “selective action” in the furnace resulting in the fly 
ash being less fusible than the slag from the same coal; the total 
iron in the fly ash being about 50 per cent of that in the slag. 


The statement of percentage of sulphur in the slag being below 
0.1 per cent is confirmed also. 

Although no quantitative experiments are available locally, 
it would seem that reduction of the iron in the slag increased with 
rate of burning. This may be explained by the fact that the in- 
crease in the ratio of FeO to total iron may be caused by the in- 
creased temperature or by a reduction in the excess air available. 
For a given excess air condition, the reduction of iron (expressed 
by the formula FeO; > 2FeO + 1/202) is determined by the 
temperature because Fe20; is less stable at high temperatures and 
FeO more stable. 

Comparison of Tables 6 and 7 illustrates the point made that 
the reduction of iron in the fly ash is much less than in the slag. 
In the fly ash most of the iron is present as Fe,Os whereas in the 
slag most of the iron is present as FeO. 

A very interesting and important experience in the burning of 
storage coal from under water storage illustrates the effect of 
small quantities of silica sand on flow temperatures. 

Recently it was necessary to reclaim and burn practically 
an entire storage pile of which about half was under water. 
Some of this coal was burned in two slag-tap furnaces. As the 
percentage of under-water storage coal increased difficulties were 
experienced with the slag in tapping due to accumulation of sand 
in the molten bed. After struggling with the slag in an endeavor 
to maintain the boiler on the line it finally became necessary to 
shut the boiler down and mine out the slag bed by hand, an ex- 
tremely difficult operation. Cone tests were made for the fusion 
points of the coal slag and of the coal-and-sand-mixture slag in 
accordance with the standards of the American Ceramic Society. 
The “end point” of the coal slag was at 2489 F and of the coal- 
and-sand slag, 2430 F. In spite of this apparently lower fusion 
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point for the coal-and-sand mixture the viscosity of the sandy 
mixture was so great it was impossible to tap. 

A series of experiments have been made on returning fly ash to 
a slag-tap furnace, in the dry state as collected. No difficulty was 
experienced in introducing the ash into the furnace. Some re- 
circulation of the fly ash was observed but it appeared to be a 
small percentage of the whole. The bulk of the ash lay at the 
bottom of the inlet opening in the furnace wall in the form of a 
large cone. The total ash introduced at one time in the furnace 
represented a twenty-four hour accumulation in the dust collector 
* hopper. This amount of ash appeared partly melted after six 
hours and at the end of twenty-four hours was practically com- 
pletely melted. The experiment was continued for a period of 
a week when trouble with the collector forced us to discontinue. 
From these tests it would appear desirable to spread the ash, as 
suggested in the report and to use a “pug mill” for introducing it 
into the furnace, the addition of water in the mill aiding in the 
spreading by mechanical action and formation of steam bubbles. 
Observation of the tapping operation indicated that the average 
flow temperature of the entire slag bed had increased materially 
due to the fly ash, though cone tests on the fusion point of the 
ash as compared with the slag indicated that their ‘‘end points” 
were within 50 F of each other, the fly ash having the higher. 

There is little advantage to be gained by introducing the fly 
ash into the furnace and melting it to slag unless the slag is of 
value commercially. There is, of course, a loss of sensible heat 
in melting the ash, and disposal of the fly ash is not much more 
difficult when wetted and sluiced than disposal of the granulated 
slag itself. Under present operating conditions the combustible 
in the ash is under one per cent and will not offset the loss in- 
curred in melting. 5 

Disposal of the molten slag after leaving the furnace has been 
a problem attended with mechanical difficulties and considerable 
danger. Slag in itself is rather easily handled. It is granulated 
well with little trouble and is not at all sensitive to water quanti- 
ties or velocities or angle of impact, ete. It is only when the mol- 
ten iron itself taps with the slag but as a distinctly separate stream 
that the difficulties begin. Danger of explosion is great. If the 
stream of molten iron strikes even a small quantity of water in 
the spout there might be a dangerous explosion. This fact is 
recognized in the steel industry and great care is taken to keep 
the slag “monkey” and ladles dry before tapping in slag which 
may contain iron. The cause lies in the relative insulation value 
of the pure slag and the iron. The heat transfer rate of the mol- 
ten iron is probably about 250 or more times that of the slag and 
therein lies the explanation. 

The method adopted for disintegrating the molten slag when 
the slag-tap type furnaces first came into vogue was to use a 
break-up jet of water impinging directly on the slag stream at 
the furnace spout. There was usually an impact plate to assist 
in this process and a proper sluice-box system of alloy iron to 
earry the product away to the sluice trench. 

In an effort to reduce the cost and difficulties of this system and 
to produce a coarser slag for commercial purposes, in this district 
a “granulator” has been used which permits the molten slag to 
flow into a cylindrical chamber of water with comparatively little 
agitation. The bottom of the granulator is fitted with an orifice 
to limit the flow of water and permit the outflow for the granu- 
lated slag. These granulators are successful and simple but 
still offer some hazard in that control of the slag flow must be 
manual and explosions may occur in the spout or granulator 
chamber during periods of heavy flow, “hot” slag or flows of 
pure molten iron. 

A new method of tapping has been proposed to eliminate 
entirely the personal hazard and the attendant, and to make the 
entire method of tapping automatic. This is the ‘‘continuous- 
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tap” system, in which a suitable tap hole of fairly generous di- 
mension is located in the bottom of the furnace floor and in a 
location to give good flow from all parts of the floor. It should 
be located in a hot area in relation to the burner flow lines. Slag 
drops through this hole as formed, through a refractory-lined 
flue and into a large tank of still water. This tank serves as both 
storage and disintegrator tank. Make-up water is added as 
needed to maintain temperature, preferably by thermostat con- 
trol. The tank is emptied into the sluice system about once a 
day. The main difficulty with this method is to keep the floor 
hole open during periods of operation at low rating. This may 
be solved by drawing furnace gases through the hole or by sepa- 
rate heat source maintaining the slag hole at molten temperature. 
The method itself is attractive from many angles, but there will 
be some few details of operation to work out and contributions 
from all on this subject are welcome. 


J.D. Donovan.’ We have installed in our Quindaro generat- 
ing station two slag-tap furnaces, No. 17 boiler having been placed 
in operation in April of 1931 and No. 18 boiler having been placed 
in operation in June of this year. These steam-generating units 
operate at 450 lb per sq in. and a total temperature of 700 F, and 
have a normal rating of 150,000 Ib of steam per hour with a four- 
hour rating of 180,000 Ib of steam per hour. Both of these units 
are Babcock & Wilcox Stirling type and are complete with econo- 
mizer, superheater, and air preheater. The furnaces of both of 
these units are water-cooled Bailey Block type with water- 
cooled bottom. 

The bottom of boiler No. 17 is composed of 2*/-in. tubes and 
the floor is built up with two courses of fire brick underneath 
the tubes testing on a steel-plate bottom. The space between the 
tubes is packed with “KN” to within about four feet of the uptake 
wall, the balance of the distance being packed with magnesite 
and liquid “U.”” There is then another steel floor plate, on top 
of which is a course of pure magnesite. The furnace floor in 
No. 18 boiler is composed of 31/4 in. tubes which are swaged to 
21/, in. at the rear end to permit passage through the rear water- 
wall tubes to the rear floor-tube header. The tubes in this floor 
are covered with Bailey Blocks the same as are applied to the 
side walls of the furnace and the underneath surface is insulated 
in the same manner as the side walls. Joints between the Bailey 
Blocks are filled with Krome Patch to give initial sealing only. 
Both furnaces are fired with Fuller-Lehigh pulverized-coal equip- 
ment, each boiler being equipped with four cross-tube burners. 

The fuel used in this station is Southern Kansas screenings 
having an average received heat value of 11,500 Btu with a 
normal ash content of 15 per cent. This fuel contains an average 
of 3.75 per cent sulphur and produces an ash that fuses at a very 
low temperature. 

Inasmuch as our No. 17 boiler was the first unit of this type in 
this territory using this particular fuel we encountered several 
difficulties in commencing our operation of this unit, most of 
which can be attributed directly to the high sulphur content of 
the ash. Our first trouble was the cutting of the cast-iron slag- 
spout liners. These liners were entirely satisfactory until the 
boiler had been on the line for several days and a sufficient quan- 
tity of sulphide had accumulated to appear during the tapping 
process. When this condition was reached and the tapping opera- 
tion was going on, the sulphide would commence to flow im- 
mediately following the last output of slag and in just a very few 
minutes of time the stream would cut the spout liners in two. 
We first attempted to correct this condition by placing a water- 
cooling pipe on top of the cast-iron liner and covering it with a 
mixture of 50 per cent fire clay and 50 per cent powdered coal. 

9 Manager of Production and Distribution, Board of Public Utili- 
ties, Kansas City, Kansas. 
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This method would protect the liner for 8 or 10 tappings before 
the mixture would have to be replaced. This method of protect- 
ing liners was finally abandoned when the Babcock & Wilcox 
Company supplied us with water-cooled liners which is simply 
a water-jacketed spout liner that has its temperature controlled 
by a stream of water from the sluicing system. 

This iron sulphide created another difficulty just inside of the 
slag-spout openings and between the outer wall and the first 
floor tubes. During tapping operations when the tap had pro- 
ceeded far enough to permit the sulphide to commence to flow, 
we found that a puddling condition was occurring just inside the 
door liner and that the sulphide would cascade over the last floor 
tube and puddle its way deep into the magnesite composing the 
floor thus floating it away. This condition was remedied by 
water cooling similar to the manner undertaken to correct the 
difficulty with spout liners, that is, a */,-in. pipe was run through 
the furnace jacket and into the furnace floor, water being fed in 
on one side of the spout, passing through a %/,-in. pipe just inside 
of the door and being extracted on the other side of the spout, 
this pipe serving to cool the floor space between the last floor 
tube and the wall of the furnace. 

After these difficulties had been corrected we commenced to 
encounter other difficulties with the fineness of the ash produced 
in our hydrojet ash-sluicing system, it being about the consis- 
tency of granulated sugar and when mixed with sluicing water 
taken from the Missouri River (which, by the way, carries a 
rather large amount of material in suspension) compacted in the 
ash-storage tank to such an extent that we were unable to get it 
out without rodding and the use of considerable other labor in 
removing it and loading into cars. Experimentation indicated 
that this fineness was due to nozzle arrangement in the disinte- 
grating chambers immediately below the slag spout. This 
chamber was originally installed with a series of nozzles forming 
practically a sheet of water under high velocity, the slag stream 
running onto this sheet and being reduced in size about equivalent 
to granulated sugar. This fineness of ash was remedied by the 
installation of a small water chamber in the disintegrating box 
directly under the slag spout with a four-inch opening at the 
bottom, this chamber being kept full of water at all times from 
the sluicing system and the slag stream running directly into 
the solid body of water. This arrangement had the effect of 
increasing the size of ash to about the size of a grain of wheat 
which is sufficiently large to eliminate the packing trouble which 
was encountered in the ash-storage hopper. 

However, in making this change we encountered another dif- 
ficulty which proved quite serious and which resulted in one of 
the operators receiving some rather severe burns. This latter 
trouble came again as a result of the iron sulphide in the furnace. 
When the stream of sulphide spilled into the bowl in the disinte- 
grating chamber full of water it, of course, chilled immediately 
on the outside of the stream but the center remained hot and 
soft. Very shortly after the sulphide stream commenced to come 
we had explosions in the disintegrating box which threw water, 
slag, ash, and every other thing that it contained all over the 
boiler room and incidentally all over the operator. In correcting 
this condition we resorted to the installation of a water-cooled 
baffle so located that the slag stream, before it came in con- 
tact with the water, would meet it and fan the stream into a wide 
sheet before entering the water in the disintegrating bowl. This 
made it possible to chill the entire slag stream uniformly and has 
practically eliminated the explosions. We still have minor ex- 
plosions when the slag stream slows down due to obstruction but 
as long as it is maintained at sufficient flow to strike the baffle 
plate and fan into a sheet before meeting the water we have no 
difficulty. Our former experiences in this connection led us to 
provide our operators with asbestos coats and helmets and we in- 
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sist that they be worn at all times during the tapping operations. 

The sulphur content of the ash in this furnace gave us further 
annoyance due to the fumes that were liberated from the ash- 
sluicing system in the vicinity of the ash-sluicing pumps. These 
fumes became so obnoxious when sulphide was flowing from the 
furnace that it was practically impossible to stay in the boiler 
room. Also the reaction on all exposed copper tubing and other 
equipment was very detrimental to the good appearance of the 
equipment. In remedying this situation we were forced to vent 
the ash-sluicing system with an external stack. 

All of the foregoing troubles while somewhat minor in nature as 
viewed from our present experiences, nevertheless seemed quite 
serious as they were encountered and overcome. Generally 
speaking, however, the operation of these water-cooled slag-tap 
furnaces has been entirely satisfactory in our station and the 
availability of these units has been extremely high, none of the 
troubles and experiences to which I have referred ever having 
necessitated an outage of the units. 


T. G. Estep!° anp H. L. Bunker, Jr.! For the past year the 
discussers have been making a study, both experimentally and 
analytically, of the relationship between coal-ash analyses and 
their softening temperatures. In all, over 300 analyses have been 
studied and many different systems of coordinates have been 
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tried in plotting the data in an attempt to establish a graphical 
relationship by which it would be possible to predict ash-softening 
temperatures from their analyses. 

One of the trial plots, Fig. 5, is submitted herewith because it 
is believed that it will be of interest to the general subject of 
“Slags and Their Properties.” In this plot the ratio SiO2/ 
Al,O; is the abscissa and softening temperature is the ordinate. 
On this system of coordinates are plotted lines of a constant sum 
SiO, plus Al,O;. An exactly similar set of curves would obtain 
if lines of a constant sum Fe.0; plus CaO were used since SiO, 
+ Al,O; varies inversely as Fe,O; + CaO in most coal ashes. 

The plot shown, however, can be used in exactly the same man- 
ner as that shown in Fig. 3 of the authors’ paper and covers a 
much wider range. The authors’ plot is for a Si02,/AlLO; ratio 
of from 1.7 to 2.0 whereas the discussers’ plot takes this ratio 
from 0.5 to 3.5. Of the 300 coals studied, only 25 per cent fall 

10 Professor, Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 


11 Research Fellow, Carnegie Institute of Technology, Pitts- 
burgh, Pa. Jun. Mem. A.S.M.E. 
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within the limits of the authors’ plot and, as a matter of fact, 
only two-thirds of the slags given in the paper fall within this 
limit. If the data given in Table 1 of the authors’ paper are ap- 
plied to the discussers’ plot it is found that, within the AS.T.M. 
limits, the softening temperature of 13 out of 15 coal ashes, 12 out 
of 17 slags and 8 out of 10 fly-ash analyses can be predicted. In 
a previous paper the authors gave a relationship between soften- 
ing temperature and flow temperature which may be used in 
transferring from one to the other. 

The authors’ data in Table 1 show a very interesting point. 
In all cases except two the SiO,/Al,0; ratio for the slag is greater 
than that of the coal ash, indicating a gain in SiO, or a loss of 
Al,O;. This may be explained by the fact that the eutectic of the 
system SiO,-Al,O; occurs at about 95 per cent SiO» and 5 per cent 
Al,O;. In a boiler furnace when the ash particle becomes liquid 
in suspension and falls to the slag bed it may carry nearly all of 
the SiO» with it and the Al,Os, being of a higher melting point, may 
drop on the slag bed and remain as a scum or leave in the fly 
ash. The scum in one case was sampled and analyzed and the 
result does not bear out the above reasoning, but unfortunately 
this one case is one of the two cases where the SiO2/Al,O; ratio 
did not increase in the slag and is not conclusive. In 6 cases out 
of 11 given in Table 1 the Al,O; was higher in the fly ash than in 
the original coal ash. While this is a bare majority for the sug- 
gestion that some of the excess Al,O; leaves in the fly ash, one 
hesitates to draw this conclusion when the difficulties of securing a 
satisfactory sample of fly ash are taken into consideration. Do 
the authors have any explanation of the change in this ratio? 

There has always been some question as to whether or not 
chemical equilibrium between the ash components is reached in 
the standard A.S.T.M. method of determining ash fusion tem- 
peratures and, if equilibrium is not reached, what effect it has on 
the fusion temperature. The slag in the bottom of a slag-tap 
furnace has plenty of time to come to chemical equilibrium and, 
. when the change in the composition of the slag from that of the 
original ash is taken into consideration, there seems to be little 
change in the softening temperatures between the slag and the 
ash. Perhaps it is unwise for us to draw conclusions from a study 
of only 15 fuels but the results would seem to indicate that no 
serious consideration need be given the question of chemical 
equilibrium in the usual method of softening-temperature deter- 
minations. 


A. W. Gauarr. The paper is very interesting and contains 
a wealth of valuable data. 

While it is recognized that some empirical measure of fluidity 
which could be rapidly applied was necessary it is almost certain 
that using the “flow temperature” as determined by the “feel” 
is not the most satisfactory measure of relative viscosity which 
could be devised. In this connection it should be noted that the 
authors do not mention the factor of time and its influence on the 
flow temperature. 

Littleton and Lillie at the Corning Glass Works have shown 
that the viscosity of glasses varies with time. That is to say, a 
glass which has been fired at a particular temperature and then 
cooled, will not, when reheated to some temperature high enough 
to permit viscous flow, assume its true viscosity for the tempera- 
ture in question at once. On the contrary its viscosity varies 
exponentially with time and only after many hours does it be- 
come asymptotic to some fixed value. This phenomenon occurs 
whether the temperature of measurement is approached from a 
lower or a higher temperature, but it is of interest to note that 
the approach to equilibrium is much more rapid if the temperature 
of measurement is approached from above rather than from 


12 Director, Mineral Industries Research, School of Mineral Indus- 
tries, The Pennsylvania State College, State College, Pa. 
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below. This observation suggests that, in measuring slag or 
glass viscosities, it would be desirable to heat the slag to a higher 
temperature than that at which the measurement is to be made, 
and then to cool it to that temperature. 

Because the authors made their measurements with the 
temperature rising, their reported flow temperatures have the 
advantage of being maximal, for in view of the foregoing con- 
siderations it will be seen that had they maintained their slags 
at the observed flow temperature for several hours they would 
almost surely have noted a decrease in viscosity even by the 
“feel” method since these changes in viscosity with time are 
quite large. 

The treatment of Al,O; and SiO, as one component is prob- 
ably adequate for the small composition range of these two 
variables but in view of the results obtained by McCaffery and 
his co-workers in their investigation of the viscosity of blast- 
furnace slags, it does not seem that the treatment of CaO and 
MgO as one component is justified. McCaffery clearly showed 
that, if SiO. and Al,O; are kept constant and successive incre- 
ments of MgO are substituted for CaO, the viscosity of the slag 
first decreases, passes through a minimum, and then increases. 

The utilization of the “ferric percentage’ as a measure of the 
state of oxidation of the iron could, perhaps, be improved upon 
if all the iron in the sample were taken as 100 per cent and Fe,03, 
FeO, and Fe then plotted on triaxial coordinates. This being 
done, iso-flow temperature lines could be drawn over the field of 
composition to show the influence of the change in relative 
amounts of these three variables upon the flow temperature 
of the slag in question. 

The statement that any station which returned fly ash to the 
furnace would be raising the softening temperature seems to be 
rather too inclusive. In this connection attention is called to a 
paper by Moody and Langan in the October, 1933, issue of 
Combustion in which these authors point out that the finest 
sizes of ash from Pennsylvania coals are very refractory whereas 
the finest sizes of ash from West Virginia coals have rather low 
softening temperature. This suggests that whether the return 
of fly ash to the furnace raised or lowered the flow temperature 
would depend rather largely upon the nature of the coal being 
burned. 


J. J. Gros.!8 This paper by Messrs. Nicholls and Reid is of 
considerable importance dealing as it does with the properties 
of slags from slag-tap furnaces and yielding information of great 
value to those interested in using the furnace as a means for dis- 
posal of fly ash from dust catchers, economizer and air-heater 
hoppers, and other settling chambers. 

It has been difficult to get rid of dry fly ash. Because of its 
extreme fineness special precautions have to be taken in trans- 
porting it to avoid its loss in transit. While some commercial 
uses may be developed in the future, at present it cannot be 
given away as it is unsuitable even for ordinary fill purposes. 

This problem has vexed designers and operators of power 
plants and in some cases has influenced the selection of fuel- 
burning equipment. 

At Hell Gate, the retention of a substantial part of the ash in 
molten form in a slag-bottom furnace and the possibilities in the 
further disposal of captured fly ash by injection into this furnace 
for absorption in the slag bed is a factor of considerable interest 
to us. 

Our early experience with slag tapping indicated that the 
amount of ash retained in the furnace in molten form approxi- 
mated 40 to 50 per cent and the fluidity of the slag mass was 
sensitive to such factors as furnace temperature or CO:, fusion 


13 Engineer of Tests, The United Electric Light and Power Co., 
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temperature of the coal ash, fluxes such as fluorspar, soda ash, 
ete. Certain mechanical difficulties were encountered with 
tapping due to the chilling effect of air infiltration during the 
tapping periods. This difficulty was entirely overcome by sealing 
the tapping port with a boxed enclosure and during the tapping 
period placing this enclosure under a suction sufficient to absorb 
all leakage air and also to draw a little gas out of the furnace 
through the slag port. 

This procedure has rendered the use of fluxes unnecessary 
with coals under 2500 F fusion temperature and it is possible 
to tap freely at moderate boiler ratings and with normal CO2. 

However the injection of captured fly ash into the furnace was 
only partially successful. Analysis showed that the unslagged 
fly ash was appreciably higher in fusion temperature than either 
the original coal ash or the slag itself. Injection of the dry 
fly ash into the furnace through a feeder caused the material 
to pile up near the cool walls and the process of absorption was 
slow. Attempts to distribute the material over the surface of 
the slag bed permitted a substantial percentage of the material 
to be picked up by the gases and recirculated through the boiler. 

Some of the dust deposited would become absorbed and some 
would move around on top of the slag mass. This process did not 
appear to affect the fluidity of the slag mass enough to retard 
tapping. 

The authors raise some new points in their paper which may 
result in elimination of recirculation of the fly ash and more 
complete absorption of it in the slag mass. I refer particularly 
to the suggestion that wet fly ash or lumps molded while the fly 
ash is still wet would prevent the recirculation of fly ash by the 
gases while injecting the ash into the furnace. These points are 
all the more important because of the growing interest in wet- 
type fly-ash catchers making it convenient to dispose of the 
wet partially dewatered fly ash. In this connection I would 
like to ask the authors if any harmful effects are likely to be 
experienced with furnace-wall refractories from the gases liber- 
ated if salt water is used as a binder for the fly ash? 

We attempted recently to try out the effect of moistening fly 
ash with salt water before injection into the furnace and the 
lumps held together until reaching the slag bed where they 
gradually flattened out. The lumps were injected 24 hours 
before tapping. While there was some evidence during tapping 
of the existence within the pool of lumps less fluid than the main 
body of the slag no difficulty was experienced with tapping. 
I believe the indications are favorable enough to justify working 
out the mechanical problem of injecting the fly ash to the furnace 
in lumps or moistened form. 

Samples Nos. 2 and 3 referred to in Table 3 of the authors’ 
paper were caught in wet cinder catchers at Hell Gate utilizing 
salt water. Sample No. 2 comes within the range of normal 
combustible content which reaches 20 per cent at high ratings 
and falls below 8 per cent at moderate ratings. 

The high carbon of No. 3 sample reflects the influence of coarse 
pulverization caused by an impaired mill classifier. 

Regarding the comparison of slag-tap furnaces and dry-bottom 
pulverized-fuel furnaces, we are using both types at Hell Gate 
and my belief is that the slag-tap type of furnace possesses many 
advantages over the dry-bottom type. It eliminates the troubles 
experienced in removing the ash from the bottom manually 
causing a boiler outage and frequently the ash may be glazed 
over requiring air hammers to chisel it out. It lessens the burden 
on a cinder catcher since the slag bottom generally retains about 
40 to 50 per cent of the ash while on a dry bottom usually not 
more than 10 per cent of the ash is deposited. The choice of 
fuels which can be used successfully is widened. The furnace 
may be operated at more efficient temperatures since the furnace 
CO, does not need to be kept low in order to avoid slagging the 


pit. Opportunity is afforded for disposal of captured fly ash 
by injection into the furnace since the coarser, broken up slag is 
more readily disposed of than light dry fly ash, much of it ap- 
proaching a fineness of five or ten microns. The presence of a 
high-temperature pool of slag at the bottom of a furnace ex- 
ercises a stabilizing combustion influence. 

The conclusions drawn by the authors as to the effects of 
carbon, moisture, floating islands, etc., on the process of slagging 
are all of great interest and Mr. Nicholls and Mr. Reid certainly 
deserve a great deal of credit for their logical, careful, and valu- 
able presentation. 


O. Howarp.'* The information brought out in the paper 
regarding the relationship between composition and liquid 
temperatures is very interesting and should be valuable to the 
operator who has a choice of coals, otherwise equally desirable 
but differing in ash composition, and also valuable to the de- 
signer confronted with the problem of whether or not to use a 
slag-tap furnace. 

As to the operator’s problems, it is our belief that most of the 
difficulties are encountered, not with the slag itself but rather 
with the effects of the slag on the floor and walls. Iron may 
be reduced to the metallic state and penetrate the floor thereby 
starting slag leaks. Iron sulfide has the same tendency also. 
Alternate contraction and expansion of the slag bed caused by 
taking the boiler out of service may push the furnace walls out of 
position. We have experienced all these difficulties. 

The degree of reduction of iron from the ferric to the ferrous 
state, as well as the total amount of iron present, are shown to 
influence greatly the fusing temperature of the slag but it is not 
apparent just how the operator can exercise much control over 
either, after the fue! has been chosen. 


P. L. Luar. The authors have compiled and developed 


data which warrant the attention of all interested in this subject. . 


As no fluxes are used and the fly ash is not recovered at Glen 
Lyn, no discussion of the paper will be made by the writer, but 
as the condition at Glen Lyn is rather unique in that probably 
the highest fusion temperature is contained in the ash from the 
coal consumed, a general outline in the form of actual operating 
conditions and experiences of a ‘“‘wet’’-bottom pulverized-fuel 
boiler is herewith substituted. 

Analyses of the coals used at the Glen Lyn steam plant of the 
Appalachian Electric Power Co. vary greatly, and coal from 30 
different mines, principally from the Pocahontas field, has been 
consistently burned without any specific selection or regard for 
mixtures as supplied to the bunker serving this unit. The 
fusion temperature of the ash ranges between 2100 and 3050 F. 
Temperatures measured with an optical pyrometer show a range 
of from 2800 to 3050 F at the slag-bed surface, depending on load 
conditions. Approximately 17 per cent of the total ash in the coal 
is recoverable in the form of slag, and tapping is performed once 
daily, or every other day when load conditions and coals judged 
to be suitable are available, for from 30 to 60 min, or a length of 
time sufficient to maintain a satisfactory slag-bed level. This 
is important, as the temperature gradient of the bed determines 
the minimum depth to which the slag should be drawn in order 
to protect the bottom. 

Naturally, due to furnace-temperature limits, high-fusion ash 
forms a viscous slag. The temperature gradient in the slag bed 
retards the slag flow, the slag being drawn off the surface; and 
when it is realized that the furnace bottom is rectangular and the 


* 14 Assistant Superintendent of Generation, Oklahoma Gas and 
Electric Company, Oklahoma City, Okla. Mem. A.S.M.E. 

15 Plant Superintendent, Appalachian Electric Power Co., Glen 
Lyn, Va. Mem. A.S.M.E. 


i , perature gradient. 
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“wet” slag is in the form of a circular or elliptical pool within this 
rectangle, and that there is therefore but a few inches of head of 
“wet” slag above the stiff slag level at the tap door, the slag must 
be fluid in order to flow at all. When the furnace is first tapped, 
by cutting through the rim of the pool basin, the flow is rapid, 
and drops to the ejector in a column about 3 in. in diameter for 
from 10 to 20 min, after which the flow gradually retards and the 
column of slag narrows to 1 to 1'/2 in. in diameter. One reason 
for this lessening of flow is the reduction in head of the fluid slag, 
and another is the gradual stiffening of the bed due to the tem- 
Fly ash or dust accumulates on the surface 
at times, but is readily floated off with the “wet” slag. It is 
noticed that when dust flows the slag spout is more readily kept 
clean during tapping. 

The solution of the problem of continuous operation of this 
unit for protracted periods was the prevention of the formation of 
friable slag from building up under the burner ports and choking 
the burners, with ultimate coal ignition in the burner boxes. 
This was solved by cutting in poke-holes under the bottom rows 
of burners, and directly above the normal slag level between 
each water-wall tube across the front of the furnace. 

It is of interest to know that this unit is in continuous opera- 
tion for six-month periods and is then removed from service for 
the purpose of inspection, washing, and repairs to the boiler. 
The slag bottom is never disturbed during these shut-down 
periods except for the removal of loose friable surface slag, mostly 
droppings from the boiler tubes and walls. 

While foreign to the subject, the importance of coal grind- 
ability cannot be too highly stressed, as tapping is comparatively 
simple when pulverization of coal is within the correct per- 
centages of fineness. 


AuTHors’ CLOSURE 


The discussions and citations of experiences submitted by the 
engineers and operators have greatly added to the value and use- 
fulness of the paper. It will be noted that in the main the dis- 
cussions are from stations using coals with ash fusions at the ex- 
tremes, and it can be assumed that the experiences of those burn- 
ing coal with ash of medium fusion are more normal and freer 
from troubles. These discussions do not call for much comment 
from the authors. 

Thanks are due to Mr. Baker for the data he has added. The 
discrepancy between the fusibility of the coal-ash slag and the 
coal ash and sand slag as indicated by the cone test and by ex- 
perience while tapping may be due to the sand’s not being fully 
melted in the furnace, whereas the fine grinding for the cone test 
may have overcome this. It is suggested that the nature of the 
coal may have been changed, and that the combustion was 
affected so that the temperature of the slag bed was lower. 
Table 1 shows that Michigan City (Station F) was using petro- 
leum coke at the time the samples were collected and that they 
report the tap as being slow and sticky, whereas our data show 
that the fow temperature was 2345 F and that the slag became 
very thin above that temperature. The temperature of the bed 
was not measured and the assumption was that it was low in 
spite of the high rate of burning reported. 

Mr Baker’s Table 8 gives analyses of fly ash caught by precipi- 
tators. Accounting for the missing Al,O; is of some interest— 
theoretically at least. Although Tables 7 and 8 may not be for 
corresponding samples, it will be seen that as they stand the 
SiO,:AlLO; ratio is no greater in the fly ash than in the slag. It 
might be worth while to attempt to catch and to analyze dust 
which passes the precipitator to determine whether its Al,Os 
content is higher than that of the ash caught. 
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Several of the discussors have referred to troubles because of 
iron sulphide and metallic iron in the bed. This is a phase that 
has not been included in our investigation; are the pyrites in the 
coal to be blamed for both, or is some of the metallic iron reduced 
from the non-pyritic iron in the coal ash? 

Replying to Mr. Grob, it is probable that the greater part of 
the alkalies present in sea water used will be volatilized, although 
several types of tests made on fuels containing salt have shown 
that some is retained in the slag. If these alkalies are deposited 
on the refractories, they would cause slagging, but the high tem- 
perature of the surface of the wall would not encourage the 
deposition of the alkalies. In other investigations by the Bu- 
reau, it was shown that clinker from boiler tubes has high alkalies 
near the tube—on which they could condense—but normal alka- 
lies at the outer surface of the clinker. One would expect that 
the first evidence of appreciable amounts of salts would be that 
they would tend to cause the slag on the tubes to fall off, al- 
though this might not occur if the salts were present in the gases 
continuously. 

Referring to the comments on the first part of the paper, it 
should be recognized that this investigation has not attempted 
to attain that full knowledge of the properties of slags from coal 
ash which has been done by others for fields of more limited 
chemical composition associated with other industries. It was 
thought preferable to cover the whole field broadly rather than 
to concentrate on a small portion, or to aim at great exactitudes. 
In addition, exact data are not required in the burning of fuels 
because the conditions to which the ash is subjected cannot be 
closely defined, are variable, and the composition of the ash 
itself varies in the same coal. In spite of this, much has not 
been done which should be done in the future. 

The recent work!® by Professor Estep and Mr. Bunker in as- 
sembling existing data on cone softening temperatures and ana- 
lyzing the relationship between temperature and ash composi- 
tion was much needed. However, it cannot be assumed that 
these same relationships hold for the cone-fluid or the flow tem- 
peratures; the effect of small changes on composition is often 
greater at low fluidity than it is at the high fluidity of the flow 
point. The second report gives some data on the effect in air 
equilibrium of the SiO,:Al,O; ratio for values above 1.7; a varia- 
tion of the ratio from 0.88 to 2 in a low-iron slag showed little 
change in the flow temperature but more work is needed. 

Less Al,O, in the slag than in the fly ash was noted in our work 
on clinkering. The assumption has been that the ash particles 
high in alumina are more refractory, lighter, and possibly smaller; 
however, usually alumina is missing even when the fly ash is 
included, so the explanation may not be complete. 

Professor Gauger will find’answers to some of his remarks in 
the second report. The effect of time and rising and falling 
temperature were investigated; both affect the flow temperature 
and to different extents in different slags. The method adopted 
probably most nearly corresponds to the practise in slag-tap 
furnaces in which, for slags with flow temperatures near the fur- 
nace temperature, it is customary to increase the load previous to 
tapping. McCaffery and others worked on slags with low iron 
and very high lime and their results with MgO do not apply to 
coal ash. The data given in Table 1 support the statement that 
the flow temperature of the fly ash will be higher than that of 
the slag; one possible exception might be for a fuel very high in 
alkalies which were carried out with the fly ash. 


16 T. G. Estep, et al., “The Effect of Mixing Coals on the Ash- 
Fusion Temperature of the Mixture.” Coop. Bull. 62, Carnegie 
Institute of Technology and Mining and Metallurgical Advisory 
Boards, 1934. 
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Number of Active Coils in Helical Springs 


By R. F. VOGT, MILWAUKEE, WIS. 


Due to the torsional displacement between cross-sec- 
tions of the helical spring bar or wire in the so-called dead 
or inactive coils on each end of the spring, the total de- 
flection of the spring is greater than that which corre- 
sponds to the deflection of the free coils. The exact 
amount of the spring deflection corresponding to the 
influence of the “‘inactive’’ coils can be calculated for 
known loading conditions of the spring and can be closely 
estimated for all springs subjected to conventional spring- 
practise loads. The deflections of the end coils are calcu- 
lated in terms of the deflection of active coils. A test to 
determine the actual number of active coils is suggested 
and examples are given. 


HE predetermination of the correct 
number of active coils in helical 
springs is, in many applications, 
very important. Centrifugal spring- 
loaded regulators, controlling the speed 
of prime movers, spring-loaded indica- 
tors, and many other apparatus require 
helical springs of which the correct num- 
ber of active coils is essential. 
If, in the use of the conventional helical- 
spring deflection equation 


oe 
ET Te, 


f 


= deflection 

= mean radius of coil 

= diameter of wire 

load 

= modulus of elasticity in torsion 
= number of active coils 
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an error is made in determining the correct value of n, the factor 
G is usually adjusted to offset the original error. The factors 
f, r, d, and P are always fixed in value and can easily be mea- 
sured and checked. 

In such cases it is erroneously assumed that G is a variable 
amount for different helical springs, the variation ranging from 
below 10,000,000 to 12,000,000. 

The fact, however, is that the modulus of elasticity in torsion 
G is proportional to the modulus of elasticity in tension E and is 
characteristic for each material and constant within the elastic 
range: 


peter 
2(1 + ») 


1 Assistant Chief Consulting Engineer, Allis-Chalmers Mfg. Co. 
Mem. A.S.M.E. Robert F. Vogt was born in Geneva, Switzerland, 
and had his primary and secondary schooling at Romanshorn, Can- 
ton School at St. Gall, and Swiss Polytechnicum at Zurich, Switzer- 
land. His professional career began in the United States in 1903. 
He has been connected with the Allis-Chalmers Mfg. Co. as mechani- 
cal engineer since 1907. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Mechanical Springs Session of the 
Annual Meeting, New York, N. Y., Dec. 5 to 9, 1932, of THz AMERI- 
can Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


G= 


where » is Poisson’s ratio. 
for spring steel 


According to Hiitte, 26th edition, 


E = 30,000,000 lb per sq in. 

Bw = 0.275 

Tia 3-08 

G = 0.3892H = 11,700,000 lb per sq in. 


Any discrepancy between these given values and experimental 
values is due to an error in counting the number of active coils 
in the helical spring under consideration. 

It is the purpose of this paper to show how the correct number 
of active coils can be determined both by analysis and experi- 
ment. 

The number of active coils as used in the deflection formula 
for helical springs does not always equal the total number of 
coils or the number of free coils. Particularly, in most commer- 
cial helical compression springs we find that the number of active 
coils must be more than the number of free coils, if we assume 
G = 11,700,000 ~ 12,000,000 as correct and applicable to helical 
springs. 

Tests of regulator tension springs, of which each end coil was 
held at two diametrically opposite points, checked closely with 
G = 2/5 - EH when the number of active coils was counted from 
the middle of the two supporting points on one end of the spring 
to the corresponding point on the other end, i.e., when the num- 
ber of active coils was taken as the number of free coils plus 
1/, coil. 


Rop UnNpDER TwIst 


Let us consider, as shown in Fig. 1, a rod of the length L 
twisted by applying a force P per- 
pendicular to a rigid arm of length 
r, which is perpendicular to the rod. d 
The deflection of the point of ap- Lu P 
plication of the force P in the di- 
rection of P is expressed by the 
formula: 


_Ss2 era Ee 
zs x: at-G 


Vaan) 


in which w is the angle of twist in radians. 


Hicat Spring Wits Riaw Arms at Cor Enps 


If the rod referred to for Equation [1] is coiled into the shape 
of a helical spring on which the rigid arms extend from the ends 
of the coil to the center line of the coil and are perpendicular to 
the coil center line, the force P acting on the arms at the center 
line of the coil in the direction thereof produces a deflection f 
of 


32 - r? P-cosa 
COs a 
oe tr x-d*-G 
° -73.P 
ec 2 a OR ole [2] 

d4-G 
a = pitch angle 
nm = number of coils 
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In this case all coils are active, i.e., subjected to the twist of 
the full torque moment P - r and no coils or part of coils are in- 
active. The number of coils x is also the number of active coils. 


CoMMERCIAL SPRINGS 


Commercial springs are not equipped with rigid arms at the 
ends. Many tension springs have loop ends, as shown in Fig. 2, 
which add a negligible amount of bending deflection to the tor- 
sional deflection given 

in Equation [2]. In 

such springs all coils 

between the base of 

the loops are active 

coils. The detailed 

discussion of this type 

eee of spring will be 

omitted in this paper. 

In helical springs where the full length of the bar is within the 
cylindrical part of the spring, as is the case of commercial helical 
compression springs and also of many kinds of expansion springs, 
the active coils extend beyond the free coils. The free coils 
include the coils of the spring which are not connected with 
brackets or yokes through which the spring load is applied and 
do not make contact with the end coils. The active coils include 
all coils contributing to the deflection of the spring. The angle of 
twist of the bar changes from maximum in the free coil to zero 
in the end coils. The angle of twist within the end coils adds a 
certain amount to the total deflection of the spring, which can 
be determined in many cases with complete accuracy and in all 
other cases with sufficient accuracy to satisfy fully the practical 
applications. 


Heuicau Sprines With DirrERENT Types or LOADING 


In order to illustrate the deflection of the end coils in helical 
springs, various ways of spring loading will be analyzed: 

1 The Two-Point Loading. 
To an open-wound helical spring 
the load is applied by means of 
yokes reaching on each end dia- 
metrically from one side of the 
coil to the other (see Fig. 3). 
The load P is applied at the 
middle of the yoke by means of 
a pivot, so that each end of the 
yoke transmits the same pull P/2 
on the spring. 

As is shown in developing 
Equation [2], the effect of the 
pitch angle @ is such that it may 
be correctly assumed that the end 
coil is in a plane perpendicular to 
the center line of the coil and that 
the forces are perpendicular to the 
plane of the coil. 

Referring to Fig. 3, the load 
P/2 at A has no part on the def- 
ormation of the end coil between 
the points A and B. The load 
P/2 at B produces a moment of 
P/2:2-r = P-r at point A 
which is balanced by the same moment P - 7 acting on the 
other side of the spring. All cross-sections of the spring bar 
between A and B’ are under the influence of this moment P - r. 

If the end coil between A and B would be absolutely rigid, the 
cross-section at A woukbremain in the same position relative to 
the end coil as it had before loading took place. But the end 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


coil is as flexible as the free coils located between A and B’ and 
the bar between A and B will twist in accordance with the re- 
spective moment acting on the bar at its cross-sections. This 
moment is no longer constant and equals P - r for all cross-sections 
from A to B, but decreases gradually from the maximum of P/2- 
2-7 =P-ratAtoP/2:0 =0atB. Between A and B the 


acting moment is M = P/2- (r —r cos ¢) = el (1 — cos ¢) 


for the cross-section designated by angle y. The total angle of 
twist of cross-section at A, due to the torsional resilience in 
the end coil from A to B and the moment P - 7 acting at A, is 
16 . P S r2 
GaiG 
rigidly connected with cross-section at A, moves in reference to its 
original position O’, when the spring is not loaded, an amount of 
‘ HF Mayo ee os 
a reo a G 
as the center of the end coil in its new position. O may be taken 
as the original location of the center. The distance between O 
and OQ’ then equals f’, which is also the deflection of the end coil 
er 1B ae 
f EOC. © 
which is subjected to the moment P- r. The same, of course, 
occurs at the end A’B’, so that the total deflection of the helical 
spring amounts to 


a) , and the center O of the coil, which we imagine 


(see Appendix 1). O’ may be regarded 


This corresponds to the deflection of 1/4 coil 


16 Pore) G4 ere 
d4-@ d4-G 


fa otf =2 


fe 64(n" + 3) rs PP Bat + 4) - D3-P 
= d‘-G 7 d‘-G 

n' = number of free coils (between A and A’) 

n = number of active coils 

D = 2r = mean diameter of coil. 
In Fig. 3: 

n' = 31/» 

, we 4 
n= 7 Ses 
2 


ANALysIs AT THREE-PorntT LOADING 


Proceeding in the same manner for three-point loading, shown 
in Fig. 4, where three equal forces P/3 are placed 120 deg apart 
on the end coil, it is found that the de- 
flection, due to twist in the end coils 


& 
amounts to a % 
wiped Ser kui 
Se gee G 
and the total spring deflection is 
64(n + 3)-7r3-P 
=2f' " 
fa2f'+s a 
4 Ap 
In these analyses the effect of bending 4 % 
and shear have been omitted in favor of Fic. 4 


simplicity. The error made thereby is 
so small as to be of no practical consequence. 


ConcLUsIONS OF ANALYSES FOR DESIGN 


Most commercial spring-loading conditions will conform to 
the two-point loading and the equivalent deflection of the two 
ends of a helical spring in terms of the deflection of a free coil 
will approximate 0.5. 


The general expression for the deflection of helical springs 
which are not provided with rigid arms or loops at the ends and 
to which the load is applied in the common manner then takes 
a convenient form readily available to designers: 


4 
fe aie ee 95) 


d4-G d4-G 


. [3] 


For compression springs the forces are applied in the opposite 
‘| direction; the deflection is also in the reversed direction, but the 
* calculations and results are otherwise the same. The design and 
application of a commerical helical compression spring are such 
that the load condition ranges between the two cases given. 

The first condition is the more common. 

The foregoing calculations are based on full-bar cross-section in 
the end coil. This assumption applies to most commercial 
compression springs, for that part of the coil which must be con- 
sidered in the calculation. The basic design of the spring is 

) shown in Fig. 5. 

The ends of such a spring are closed, */s of the end coil is 
|, tapered from full cross-section to 1/4 thickness at the end, the 
pitch changes at contact point B from ptod. Full cross-section 
of bar is maintained from B to A, suggesting a load division of 
P/2 at A and P/2 at B. The variation is usually not far from 
‘) this load division and comes within the range of the three- 
point loading of 3 X P/3, in which extreme case the difference 
would only correspond to 1/3 — */4 = 1/1 coil for each end cor- 
rection. 

We must bear in mind that the resultant of these forces is in 
the center line of the coil. If it were to fall outside the center line, 
the spring would bend out sidewise, which, in most compression- 
spring applications, does not occur to any appreciable extent. 
Within the range of free coils, i.e., from B to B’ (see Fig. 5), the 
bar is subjected to a shear force equal to P/2 and a torque equal to 
P-r. The effect of shear upon the deflection is small and can 
be neglected. In a well-applied compression spring the torque 
P - ris uniformly the same all along the bar, P acting in line of 
the center line of the coil. 

Due to the fact that the length of contact between the end 
coils increases slightly during increase in deflection, thereby 
effecting a slight decrease in active coils, the assumption of the 
2 X P/2 load division is more justified, as the error in allowing 
for slightly less active coils than would correspond to an actual, 
possibly different load distribution, is compensated by the ten- 
dency for a slight decrease in active coils during compression. 
It is therefore logical and practically correct to choose the 2 X 
P/2 load division. 


EXPERIMENTAL VERIFICATION OF ANALYSES 


A large number of tests substantiate the mathematical analysis 
and the general application of the results. To illustrate, the 
following test records are presented. Errors in the dimensions 
of bar diameter, coil diameter, and deflection, on account of their 
large amount, are relatively small. The examples, therefore, are 
of especially high value as proofs of the analyses. 

The following springs were made by the Railway Steel Spring 
Company for the Allis-Chalmers Manufacturing Company: 


I II 
Bar diameter (average), in.... d = 1.839 Lit22 
Coil diameter (average), in.... D = 7.53 4.140 
Free length.... 197/s 195/s 
Free coils...... 6.075 11/2 
RHIC COUR on 62 osc sx oe oie roms 6.575 12 
Total number of coils from 
tip to tip of bar (taper).. 81/2 141/54 
MAO SGA Die cles beldte s sleiee sta aes FE. = 4580 4600 
WIGRGCEIONS cats v: «hel bie jerere wai iae tS = 0.760 1.660 
8n-D*-P 
1M: ffots hh GT eee eID AIG ooh G= 11,800,000 11,850,000 
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The springs were tested with a testing machine of 5000-Ib 
capacity. The dimensions were carefully taken with microme- 
ters and averaged from many measurements taken of diameters 
perpendicular to each other along the full length of the springs. 
The free coils were carefully determined and fixed by inserting 
spacers at the contact points with respective end coils. 


The theoretical number of active coils n and the modulus of 
elasticity in torsion G may easily be determined by testing for 
deflection two compression springs made of the same material 
of equal bar and coil diameter, but with a different number of 
free coils, as follows: 


Spring 1 Spring 2 

COW GIATROBOR s Sic cape orc He we <g> D == D 

Bar diameter ttaiecs occa bean ta d = d 
Number of free coils. . n’ n” 
NOAA roca nese P: = Pe 
Wellections eens = tute fi = f: 
Number of active coils......... m= nm - 2 m=n" +z 
Modulus of elasticity in torsion. G = G 


Since both springs are alike except for number of free coils, the 
modulus of elasticity in torsion is the same for both springs as 
well as the effect of the end coils under the same load. 

We find 


8(n" +2) - D*- P 


8(n’ + x): D*- P 


4 fr- a fo - dt 
ee Ca ae Ge RS i a et iets le [4] 
fi fe =p og. 
Sug + 2) De = P 
ee eileen eet sta 5 
and G PEEL (5] 


If there should be any variation between the two springs in 
d;, D,, or P, then f; or fz must be corrected to correspond to values 
for d, D, and P adopted for the foregoing calculation. It will 
be found that z approximates the value of '/2 very closely and that 
G approximates 11,700,000 for any size and kind of steel spring 
bar. 


Appendix 1 


N order to find the total angle of twist of cross-section at A 
under the influence of P -r, the half-circle between A and Bis 
divided into differential lengths A(s) = r- Ag. The moment 
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acting on any cross-section of the arc AB is M = P/2:a= 
P/2-r-(1—cos ¢). (See Fig. 3.) The twist angle w between 
two cross-sections separated by the distance A(s) amounts to 
32-M - A(s) 
Syne: 

of cross-section at A in reference to cross-section at B—equals 
the sum of the angles of twist for all sections A(s) located between 
point A and point B. It is 


v us P 
S27 age 008.2) 1 Ae 
A = 
ee 0 x dt-G 


16-7r?-P ty = aes 
1G - See De eee 
SLO) pata cae d+-G 


Aw. The total twist angle—that is, twist angle 


£ 
ll 


o = 


If we assume the center O of the arc AB rigidly connected to 
the cross-section at A, it will move with the cross-section A the 

IG oy oe 
BMOUnt OL 7-100 see 

d‘-G 

deflection of the center O of arc AB from its original position 
under the influence of load P/2 at point B. 

For the three-point loading of the end coil, we find the de- 
flection of the center of the are of the end coil, proceeding the 
same as in the case of the two-point loading, as follows: 


, which distance corresponds to the 


4r 
P = 
32° Ee r8 3 
Lace OG 1.8) 9: wea 
Qn 
3 
+ Ag(1 — cosg) 
0 
P 
3 


By Oies o7) 

4a aks i 2a . 20 
= sin’ eile ee al 
Pale he EOS HEE 


32 -1/3- r3 + Qa 64-1/3;.r8- P 


Appendix 2 


CasE WHEN ¢ < @ 


N calculating deflections of a portion of a circular ring out of 
its plane by forces perpendicular to the plane of the ring, the 
known solution of Saint-Venant can be used.? If an incomplete 
circular ring is fixed at A and loaded by force P at B (Fig. 6), 


Fie. 7 


Fia. 6 


then according to Saint-Venant’s solution the deflection at any 
point C, defined by an angle ¢, is given by the following equation: 


2 The Saint-Venant solution can be found in Love’s ‘“‘Mathematical 
Theory of Elasticity,’ pp. 456-457, or in “Strength of Materials,” 
vol. 2, p. 469, by S. Timoshenko. This manner of solution was sug- 
gested by R. L. Peek. . 


PR3 
= - [+ —sing—sin x oer | 


IGT f Al 1 5 
pee) 0 E (a — ¢) — sin ¢ Cos a | el 


in which C is the torsional rigidity and HJ the flexural rigidity. 
This equation is satisfactory for any value of ¢ between 0 and a. 


Two-Pornt LoApING 


If there are two forces P/2 acting at A and B, the deflection 
at B is readily obtained from the direct application of Equation 
d:t 


[a], substituting in it P/2 for P,a = ¢ =7,] = “ea and C = 
d . 
Ge “are Then the deflection of point B is: 


30.4: P:R 
———————_ 
G- d 


Point O deflects 


Wi Ale eee 
ae Ee! 
or 
deh al a LN 
G- ds 


in which form the equation shows that the deflection of an end 
coil is equal to the deflection of one-quarter of a free coil. 


CasE WHEN ¢ > @ 


If ¢ is larger than a, the necessary 
deflection can be obtained by using 
Saint-Venant’s equation in conjunction 
with the reciprocity theorem.* From 
this theorem it follows that the load 
P applied at C (Fig. 7) produces at B 
the same deflection as the deflection 
at C produced by the load at B. 
Since Equation [a] gives the deflection at any point Cin Fig. 6, 
we can get at once the deflection at any point B for the loading 
shown in Fig. 7. 


TureEE-Point LOADING 


Take now, as an example, the case of three loads P/3 put at 
points A, B, and C, 120 deg apart (Fig. 8). Point A is considered 
as fixed. The deflection of the point B consists of the two parts: 
(1) Deflection produced by the load P/3 at B and (2) deflection 
produced at B by the load P/3 at C. The first part is obtained 
by substituting into Equation [a] P/3 for P and 27/3 for the 
angles a and ¢. 


This gives: VaduetoB = 7-50 oa (assuming H = : G). 
The second part is obtained from the same equation by putting 
4/3 for a and 2/3 for ¢. This gives: Vadue toc = 6.70 = 
Hence the total deflection of the point B is: 

resin 
Ve = 14.20 Ga* 


In calculating the deflection of the point C, we again have two 
parts: (1) Deflection at C produced by the load at C is obtained 


3 Method proposed by Prof. S. Timoshenko. 
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by substituting P/3 for P and a = ¢ = 47/3 into Equation [a], 
ie 
which gives Vcdue to ¢ = 33.10 Gas and (2) deflection at C pro- 


duced by the load at B. This is equal to deflection at B when the 

load is at C and is obtained from Equation [a] by substituting in 

it P/3 for P and taking a = 41/3 and ¢ = 27/3, which gives: 
ERs 


Vedue to B = Vedue to c = 6.70 Gad* 


Then the total deflection at C is: 


Pie 
Ve = 39.80 Gat 
Having the deflections at B and C, the displacement of the 
center O is: 


It will be seen that the method described can be used for any 
number of concentrated forces. It can be easily extended also 
to the case of distributed loads. 


Appendix 3 


HE Saint-Venant solution may be used directly to determine 
the total deflections of helical springs under various load condi- 
tions. The most simple case of its application for helical springs 
is a spring with the two-point loading as shown in Fig. 3, and 
Fig. 9. 
For this analysis the spring is assumed to consist of two equal 


Se ——7 COres 


Fie. 9 


parts, equally loaded, which meet at the center cross-section 
A of the spring bar. (See Fig. 9.) Point A is now considered 
the fixed point of two 
circular ares. The center 
angles of these ares are 
equal, a = (n'/2) 2x +7 
= (n’ + 1) 7, 2n’ being 
the number of coils be- 
tween B and B’. 

If ¢ is the pitch angle 
of the spring, the actual 
length of are AC is L = 

, 
rsa (n' + 1) onal Ne 
cos ¢ 
loads on the are perpendicular to the plane of the are would be 
P/2cosy. But as shown by developing Equation [2], the prod- 
rae (Mail) P 


3 - cos ¢ eliminates cos ¢. 


Fie. 10 


uct 
cos ¢ 


Therefore, it may be assumed that cos g = 1 without interfering 
with end results. This means that it may be assumed that are 
ABC isr+-(n’ +1) in length, located in a plane perpendicular 
to the spring center line and loaded by the forces P/2 which are 
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parallel to this center line, i.e., perpendicular to the plane. The 
component P/2 - sin @ is negligible, as it does not contribute 
directly to the deflection considered and has very little influence 
on the diameter of the coil. 

The problem of finding the total spring deflection may, there- 
fore, be illustrated by Fig. 10. 


nN 
Re a er SD 


-Q-n =n’ 


The deflection fx of point H representing the center of the 
bracket BC is the mean of the deflection at B and C. The de- 
flection fz of point B is composed of the deflection fz’ of point 
B due to the load P/2 at B and fz” due to the load P/2 at C, 
and the deflection fc of point C is composed of the deflection 
fo’ of point C due to the load P/2 at C and fc” due to the load 
P/2 at B. 

The total deflection 


Bett ce fe' + fe" +fe' +fe" 
2, 2 


fu 


fe" = fo,” according to the theorem of reciprocity, so that 


fu a fe” er ceuar Ld 
2 
The total deflection of the spring is f = 2fx 
f= We +efe ae. 


The deflections fz”, fz’, and fc’ can be determined by equa- 
tion 


W - a? 
Y= fa fo sin sina —oos0 | 
i : pee t) ( 0) 0 cos. 
= KP 2 et aes (CU) i) a 
; Para el cos (a 
in which ‘ 
V = fx’ or fz’ or fc’ 
W = P/2 
aa 
pe 
64 
ame Ged Bes 
32 
f= 3G 
2 


The resulting total deflection of the spring is 
30.4 


Nee ee 
a G-d : 


a Per (w 4 


= . [6] 
f G : d 

To this result a correction must be added to compensate for 
the influence of the pitch angle and the deflection due to pure 


shear. 
Saint-Venant’s equation‘ for the deflection of a helical spring 


with rigid end levers is: 


th = Lr? (ae +o 4 Ah ee (7] 


4 Love, ‘Mathematical Theory of Elasticity,’’ p. 422; S. Timo- 
shenko, ‘‘Strength of Materials,’ part 1, p. 289. 
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R = spring load 

5h = deflection 

1 = length of spring bar 
radius of coil 

a = pitch angle 


S 


E-d‘:a 
(87 = JP 
64 
G-d‘!:ax 
CLG 
32 
If we transform this equation in terms used in Equation [2], 
we find 
f 64-n-73-P ela [8] 
= =f OLS ieita tae cel aicdice be 
G - d* 5 cosa Peek 


In the deflection Equations [2], [3], [5], [a], [6], [7], and [8], 
it is assumed that the spring bar or rod is thin in comparison with 
the radius of the curvature, i.e., D/d ~ o. The error caused 
by this assumption, when the equations are applied to com- 
mercial helical springs where D/d = 3 or more is very small and 
for all practical purposes negligible. 

Equation [8] is given to show the influence of the pitch angle. 
Other influences which affect the accuracy, and are not con- 
sidered in this equation are caused by preventing the free ends of 
the spring from turning freely about the axis of the spring during 
compression or expansion and the pure shear deflection. The 
complications affected by properly considering all these facts 
are too great, and the change in end results too minute to war- 
rant the application of these highly refined methods of calcula- 
tion in practical engineering work. 

As far as the deflection effect of the end coil is concerned, it 
is, for all practical purposes, sufficient to consider its torsional 
deflection only in the manner shown in Appendix 1. This is 
especially justified when we realize that the mathematically 
more complicated method employed in Saint-Venant’s solution 
is also not absolutely accurate because the effects of such items 
as pure shear deflection, coil pitch angle, spring index D/d, 
weight, and end conditions of the helical springs are neglected. 
Another factor, which demonstrates the fallacy of striving for 
accuracy to the extreme in calculating the deflection of the end 
coils, is the unavoidable variation in cross-section shape and 
size, coil diameter, and pitch angle in commercial springs. Equa- 
64-n-73-P 64-(n’ +3) -73-P 

and f = 
G- d+ G - d' 
can be regarded as being accurate for all practical purposes. 


tions f = , respectively, 


Discussion 


T. McLean Jasper.? The paper by Mr. Vogt on helical 
springs is exceedingly interesting. I am wondering if the values 
of E, G, and 1/m are as constant for spring steel in general as is 
assumed in the paper. My reasons for asking this go back to 
some tests made in 1924 which were published in the Transac- 
tions of the American Society for Testing Materials of that year 
and some work presented in the Philosophical Magazine for Oc- 
tober, 1923, which indicate that the state of the steel as well 
as the temperature at which the tests were made influences the 
values of the so-called elastic constants somewhat. 

The only way that this should be determined for spring applica- 
tion is to make several tests on identically shaped springs made 
of different steels. 

I am not familiar with the values of G to be assumed for steel 
when formed into helical springs and when using different steels, 


6 Director of Research, A. O. Smith Corporation, Milwaukee, Wis. 
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and therefore the values presented in this paper may be an appro- 
priate average for steel springs to be used at ordinary tempera- 
tures only. 


W.M. Austin.® The writer has had to apply helical compres- 
sion springs, both large and small, to quite a variety of machinery 
and has often observed the influence of the end turns. Particu- 
larly, he has observed that the average spring designed to be made 
like the author’s Fig. 6, except having a length relative to diame- 
ter several times longer than Fig. 6, will usually buckle badly 
when fully loaded. 

Small springs often have their ends malformed. The spring 
maker winds enough wire on his mandrel to make two or more 
springs, and then cuts them apart. He then presses the end of 
the spring against the flat side of a rapidly turning dry grinding 
wheel. The heat generated makes the end turn red hot at some 
point about °/s to 1/2 turn from the end of the wire. The wire 
bends at this red-hot place and the end of the wire moves back 
against the next turn. He then dips the spring in water in an 
attempt to restore the temper to the heated part, and finishes the 
grinding. 

The end turn, instead of tapering uniformly in thickness for 
3/, of a turn to 1/; the diameter of the wire at the end, tapers for 
1/, turn to a thickness about 1/. diameter of the wire, then in- 
creases in thickness for another 1/, turn to */, diameter of the 
wire, then tapers another !/, turn to 1/, diameter of wire at the 
end. This last taper may lie against the next turn for most of 
its length. 

The writer has often had to show the machine assembler (not 
a spring maker) how to cut off part of the end turn and regrind 
so that the spring will not buckle in service. Even if the spring 
were made according to the drawing as usually made, the center 
of gravity of the load would not be in the extended axis of the 
spring. If the spring is not more than three times as long as its 
diameter, the buckling is usually not very noticeable. 

The writer prefers to make the end turn so that the end of the 
wire does not touch the next turn until the spring is compressed 
solid, and instead of making the ground end exactly perpendicular 
to the axis of the spring, to make it a helicord of small pitch 
relative to the pitch of the spring. If this is done, the end of the 
wire will take its proper share of the load without bending beyond 
the plane of the part, */, of a turn away, where the tapering of 
the wire began. 

Most springs are never completely unloaded in service, many 
of them never more than 1/2 unloaded. In cases like this the 
minimum load brings the end of the spring into a plane perpen- 
dicular to the axis. It is probable that the center of gravity of 
the load is not in the axis of the spring, at the time of minimum 
load, but as the load increases the center of gravity of the load 
approaches nearer and nearer to the axis, and when maximum 
load is attained the ideal condition exists with the center of gravity 
of the load is in the axis of the spring. 

It is then seen that the flat-ended compression spring and 
its modifications is at best only a compromise, more or less suc- 
cessful, so to load the spring that at no time during the compress- 
ing or releasing of the spring will any part of it be stressed beyond 
its safe load. 

In tension springs provided with hooks bent up out of the 
end turn and having the same diameter as the main body of the 
spring, the hooks have to stand the same bending moment as the 
torsional moment in the body of the spring. This means that 
the tension stress on the inside of the hook is about twice the 
shearing stress on the inside of the body of the spring because, for 


6 Engineer, Westinghouse Elec. & Mfg. Co., Hast Pittsburgh, 
Pa. Mem. A.S.M.E. 


RESEARCH 


round wire, the section modulus for torsion is rd*/16 and for 
bending is rd*/32, so if Sv be the maximum tension stress in the 
hooks and Ss be the maximum shearing stress in the coils, then 


— Sr = — Ss, or Sr = 28s 


Thus, with the additional fact that the wire is often dam- 
aged by making the hooks, accounts for the observed fact that 
tension springs, if they break, always break where the hook con- 
nects to the body of the spring. There is a way to reduce the 
excessive stress in the hooks. It is to make the end turn a spiral 
and bend up the hook from the inner end of the spiral, making 
the mean diameter of the hook about one-half the mean diameter 
of the main body of the spring. 

The author’s tests on the two large springs would be much more 
valuable if the springs had been loaded to near their maximum 
safe loads instead of limiting the stress as calculated by the old for- 
mula to 34,400 for the small spring and 14,100 for the large one. 
In any event, I believe they should have both been loaded so as to 
produce the same stress. 

It is quite generally known that Hooke’s law gives only the 
first term of a rapidly converging series, so that Young’s modulus 
E and the shearing modulus G both have higher values when de- 
termined by stress-strain measurements using low stresses than 


\ ee Copper Clamp 
Fie. 11 


they do when using stresses near but below the elastic limit. 
IG Op? ae 
ain G 
the end turn is the deflection due to torsion of the point B, 
Fig. 3, and not the deflection of the pivot hole in the bar connect- 
ing points A and B. This would make the deflection of the 


a8. 


The author’s deflection r-# = due to the torsion in 


8 
pivot hold only In the author’s analysis no account 


- 
as: G 
is taken of the deflection at B due to the bending of the end turn 
by the load P/2 at B. This would produce a deflection about 

as large as that due to torsion. 

In order to get experimental data on the deflection of the end 
turn, the writer had a piece of 1/,-in. pretempered spring steel 
wire bent into 3/, of a turn of 2""/;5 mean diameter, as shown in 
Fig. 11. 

It was loaded at B with a 70-lb weight and the deflection at B 
was 0.29 in. If we let @ = 11,400,000, the deflection per turn 
of the main body of the spring is 0.488, when loaded to 140 lb. 
The deflection at B is then seen to be 0.595 of the deflection of 
one turn, and the deflection at the center of the bar connecting 
A and B would be 29.7 per cent of the deflection of one turn, 
and for both ends the deflection due to the end turns is 591/ 
per cent of one turn. 


J. P. Mananny.? At the beginning of his paper the author 
shows that the value of G should be nearer 12,000,000 than 
10,000,000. This is true provided Poisson’s ratio is taken as 0.30 
to 0.335 rather than 0.365. In some instances attempts have 


7 Assistant Professor, Industrial Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va. Jun. A.S.M.E. 


RP-56-4 473 
been made to prove G equal to the lower value by substituting 
test data in the conventional spring formulas, but, since it 
is generally admitted that these formulas are approximate for 
“closely coiled’ springs, such computations are not adequate 
proof. 

The author states that the bar in the free coils is subjected to 
a shear force of P/2. This is incorrect. The total load on the 
spring is P; consequently, the single bar must transmit this 
total load from one end of the coil to the other and the shear in 
the bar will be P instead of P/2. 

Since present conventional spring formulas can be proved 
inaccurate, it does not follow that illogical corrections are ac- 
ceptable. Adding one-half a coil to the number of free coils 
admits that a portion of the seated end coils deflect, which is 
beyond comprehension. It is true that torsional deformation 
extends beyond the free into a portion of the seated coils, for 
if this were not true, the first free coil at each end would not 
contribute its full share of deflection. To infer that there is 
axial deflection derived from the seated coils is a process of creat- 
ing one error to compensate for another. 

As the paper shows for balanced loading the load P on a com- 
pression spring may be resolved into two components of P/2 
each acting 180 deg apart. If the spring in Fig. 3 is loaded in 
compression, P/2 at B will produce torsional stress at A, and 
P/2 at A increases this stress to the final value within the spring. 
The stress in the seated coil must build up to the proper value at 
A in order that the active end coils may be completely effective 
in contributing deflection. The stress within the seated coil 
A-B produces deflection indirectly but its contribution to the 
total should not be counted twice. The author’s mathematical 
deduction clearly shows that the torque available in A-B is 
sufficient to produce deflection equivalent to one-quarter of an 
active coil provided it were free to move, which is of course im- 
possible. 


R. L. Punk, Jr. How accurately the solutions given for two- 
and three-point loading apply to helical springs compressed be- 
tween parallel plane surfaces requires further analysis. Follow- 
ing the treatment given in Love’s “Mathematical Theory of 

Elasticity,” pp. 456-457, I have evaluated the force required 
to keep the extreme end of the inactive turn in contact with the 
point A (Fig. 3), a condition that must be satisfied under com- 
pression of this sort. I find this force trivial in comparison 
with the reaction at A under two-point loading, and this con- 
sideration therefore does not affect the validity of applying the 
result for two-point loading to compression between parallel 
plane surfaces. On the other hand, in such compression the 
change in pitch angle of the active coils will cause their axis to 
be no longer normal to the parallel plane surfaces applying load 
and their deformation will not be that corresponding to a purely 
axial thrust. Whether this effect will appreciably change the 
result, I have not ascertained. 


A.M. Waat.® The exact solution of the additional deflection 
produced by the end turns of a helical compression spring is 
undoubtedly a very complicated problem, since it depends on 
the exact shape of the end turns and on the distribution of load 
thereon. The author has simplified the problem by assuming the 
end turns to have the full bar cross-section throughout their 
length. In addition he assumes various distributions of load on 
the end turns, finally choosing that which seems to agree best with 
test results. 

Since, in most practical cases, the deflection due to the end 
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turns is but a relatively small part of the total deflection of the 
spring, a considerable error in estimating the effect of the end 
turns could be made without introducing much relative error in 
the total deflection of the spring. For this reason a rough ap- 
proximation, such as the author has introduced, might be of 
value in practical work, provided it has been confirmed by a 
number of accurate tests. 

The question of the effect of the end coils is closely bound up 
with that of the modulus of rigidity of the material. For years 
some spring manufacturers have used modulus values of 10.5 X 
10° or 10 X 10° lb per sq in., as the author points out. It is 
well known that these values do not agree with modulus values 
obtained by means of torsion tests on ordinary spring steels. It 
has been the writer’s opinion that these modulus values have been 
used largely to compensate for inaccuracy in estimating the effect 
of the end turns and possibly for errors in the spring dimensions. 

To illustrate this point, some tests made on different springs 
at the Westinghouse Research Laboratories will be mentioned. 
The method used was to measure deflections between prick- 
punch marks on diametrically opposite points of the coil in the 
body of a helical spring and is described in a previous publica- 
tion.1° The coil diameter and wire diameter were carefully 
measured at several points on each coil and the results averaged. 
By measuring deflections in the body of the spring, the effect of 
the end turns was eliminated. The values of “effective” modu- 
lus G could then be found from the known formula 


se! 8nD3P 
=i 
Three springs from one manufacturer, having indexes of about 


ten, when tested in this manner, yielded the following values 
for the modulus: 


it 2 3 


SDLINEUNO ae che aisteee ere ate epavets 2 
11.46 11.50 


GX 10-6 th per sqin..s..<. 20. 


Three springs having indexes of about 6.5 from another manu- 
facturer gave the following values: 


Spring NOs sceikl- eaterek creer A B Cc 
G X.10-8 lb per'sq in... .5..05. 11.12 11.30 


These values are all definitely higher than the value of 10 or 
10.5 X 106 as assumed by some spring manufacturers. 

It should be noted that this method of determining the modulus 
assumes that the effect of the spring curvature is small, i.e., 
that the spring acts like a straight bar subjected to a torsion 
moment Pr. This of course becomes more nearly true for springs 
of large index. As far as spring deflections are concerned, this 
assumption is born out by previous tests by the writer,!° wherein 
it was found that the ordinary deflection formula for helical round- 
wire springs was correct within 8 per cent for springs having 
indexes varying from 2.7 to 9.5. In other words, a fourfold in- 
crease in curvature of a spring having a given wire diameter did 
not seem to have an appreciable effect on the modulus. The 
same thing is known to be true of curved bars in bending; i-e., 
in general, a curved bar in bending may be computed within a 
few per cent accuracy as far as deflections are concerned by using 
the fundamental methods applied to straight bars, although this 
is not true when stress calculations are made. The effect of 
curvature on deflection was also found to be small in the case of 
helical springs of circular wire by O. Géhner,!! who used more 
exact methods of calculation involving the theory of elasticity. 
The effect of curvature may be checked up experimentally by 


10 A. M. Wahl, ‘‘Further Research on Helical Springs of Round 
and Square Wire,’ Trans. A.S.M.E., 1930, paper APM-52-18, 
Dp. 2L7. 
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using the following method suggested by R. E. Peterson, of the 
Westinghouse Company. A heat-treated round bar of spring 
material is first tested in torsion, thus determining the technical 
value of the modulus G. This bar would then be wound into a 
spring, and heat treated, after which deflections would be mea- 
sured in the body of the spring between prick-punch marks, so 
that the “effective” value of G could be found by use of the ordi- 
nary spring-deflection formula. The two values of G thus found 
should be nearly the same if the effect of curvature is small. 

The writer would like to suggest that in determining the num- 
ber of coils to add to the free coils to find the active coils, it is 
necessary to know the “effective’’ value of G accurately; in 
other words, a small error in G would produce a big error in the 
pumber of added turns. For example, in the case of the author’s 
spring II, if Gis assumed 11.85 X 10°, then from 


x! 8nD3P 
a ye 


it is found that n = 12, whence the added coils become 12 — 111/2 
= 1/., But suppose G = 11.5 X 108 instead of 11.85 X 10° 
(a variation not at all unreasonable). Then we would find n 
= 11.65, from which the added coils would be found to be 
11.65 — 11.5 = 0.15, a value which differs greatly from 1/2 
as found by the author. This example shows the necessity 
for an accurate knowledge of the ‘effective’ value of G. This 
could be determined, as mentioned previously, by measurements 
between prick-punch marks in the body of the spring, after which 
the average dimensions of the spring would be accurately mea- 
sured. In this connection, the writer has found it to be extremely 
difficult to obtain accurately the average wire diameter of a 
spring, without cutting it up after the test, since, due to coiling, 
the wire section becomes slightly oval. 

The method of determining the number of active coils, as 
proposed by the author, consisting of using two springs similar 
in every respect except in number of turns, would no doubt 
give an approximation which would be useful in practical work. 
For purposes of checking the theory, however, it would be neces- 
sary to find the average dimensions of each spring accurately. 
This would involve more labor than would the testing of one 
spring, as suggested above. Furthermore, there is a possibility 
that the modulus would vary some between the two springs, 
and this again would involve an additional error. For these 
reasons it is the writer’s opinion that tests on one spring would 
be preferable in order to confirm the theory. 

The value of Poisson’s ratio 1/m = 0.363 reported in the paper 
seems rather high for steel. Using G = 11.7 X 108, H = 30 X 
108, this would give 1/m = E/2G — 1 = 0.283. Taking 1/m 
= 0.3 (a value commonly used for steel) and H = 30 X 10°, this 
would give G = 11.53 X 10°, which is not far from the values ob- 
tained in the writer’s tests mentioned above. 
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Answering Mr. McLean Jasper’s discussion in regard to the 
constancy of the modulus of elasticity H and Poisson’s ratio m for 
spring steel at various temperatures, we may, according to 
Hiitte, for all practical purposes assume H and m and therefore 
G constant at temperatures between 0 F and 400 F. 

Examples of springs applied at high temperatures are springs 
in steam indicators and on valves for internal-combustion engines 
and steam engines. As far as the author knows, the steam-indi- 
cator springs which are used for high-temperature steams and 
gases as well as for cold air have been accepted as accurate for 
practical purposes without using any correction factors for the 
various temperatures to which they are exposed. 

The author, however, mainly considered springs used in at- 


mospheric temperatures where accuracy in deflection values are 
essential. 

Mr. Austin calls attention to irregularities in the shape of 
commercial compression springs especially in small sizes. How- 
16278) P 
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is the deflection of point B (see Fig. 3). This deflection is derived 
from the product r - w which (as is clearly explained in the paper 
and in Appendix 1) is nothing else than the deflection of the 


ever, he errs in his conclusion that the deflection r-# = 


) original end-coil center O, which, as well as that of the pivot 


hole between points A and B, is at a distance r from the center 
of the bar cross-section subjected to torsion. 

Mr. Austin’s claim that the bending effect of load P/2 on 
the deflection of point O would be as large as that of torsion only 
is unfounded as may be seen from the Saint-Venant solution 
(see Appendixes 2 and 3) which includes the bending effect of 
load P/2 at B and shows that the deflection of point O is even 
somewhat less than that given by the author for torsion only. 

In Mr. Austin’s experiment shown in Fig. 11 the deflection 
of point B is claimed to have been 0.29 in. for a load of 70 Ib 
at B; but according to Saint-Venant’s solution this deflection 
should have been 0.231 in. for G@ = 11.4 X 108 or 0.225 in. for G = 
ee 108: 

Mr. Austin would have found more accurate and reliable re- 


\ sults had he arranged his experiment according to Fig. 12. This 


arrangement consists of a helically and closely coiled spring- 
steel wire of one and a fraction of a turn. The coil diameter is 
about 20 or more times the diameter of the wire which latter 
should be about 1/,in. The wire and coil diameter and the de- 
flection should be large enough to make unavoidable errors 
negligible in reference to the deflection. In Fig. 12 BAB’ is 


& 
“Balance for 
Weight at A 


exactly one full coil and BA = AB’ and each is one-half coil. 
In order to eliminate errors due to initial tension or deflection, 
the deflection e: — é for the load Q: — Q: is determined. The 
eaics 
2 
for the load Q: — Q2 at B. In order that the stress in the wire is 
within the elastic limit of the spring steel Qi must be less than 


a3 ac 
15,000 — (: = “) 


deflection of a point B in reference to point Aisf = 


lb where d and D are given in inches. The 


D 
sum of the differential deflections in the two half coils BA and 
AB’ is alike and opposite in direction. For this reason the wire 
cross-section at A does not turn and therefore does not cause a 
change in the true deflection of B in reference to point A. 
In Mr. Austin’s test, however, the cross-section at A, Fig. 11, 
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will turn and thereby increase the deflection of B, an amount 
corresponding to the torsional twist in the wire within the copper 
clamp near point A. This clamped portion of the wire cannot 
be held securely enough by the comparatively soft copper clamp 
to prevent twisting of the wire and consequently the turning of 
the wire cross-section at A. This torsional displacement of 
cross-section A of course increases the actual deflection due to 
the twist in half coil BA which stamps a test made according 
to Mr. Austin’s arrangement, shown in Fig. 11, as unreliable. 

The author has made a number of experiments according to 
Fig. 12 in which he found the deflections to check very closely 
with the Saint-Venant results. 

J. P. Mahaney mentions that the pure shearing force in the 
free coils due to the load P must be equal to P which is quite cor- 
rect. However, according to the explanation given by the au- 
thor in answer to A. M. Wahl’s discussion, the shearing force P 
is divided into halves. One-half balances an excess of the sum of 
the torsional shearing-force components parallel to the axis 
of the spring and acting in a direction opposite to P, while the 
other half adds a pure shear deflection to the torsional deflection 
8-2 - D*- P 

Ag 

Mr. Mahaney, after admitting that torsional deformation ex- 
tends beyond the free coils into a portion of the seated coils, elabo- 
rates considerably on his conception that since the end coils in 
a compression spring are not free to move they cannot contribute 
to the deflection of the spring. The deformation of the end coil, 
Mr. Mahaney claims, makes it possible for the first free coil to 
contribute its full share of deflection. If this statement were 
true, the conventional spring-deflection Equation [2] as de- 
veloped in the paper under the heading ‘Helical Spring With 
Rigid Arms at Coil Ends” would be faulty, as the first free coils 
in this case do not have the benefit of torsional deformation in 
end coils and therefore would not contribute their full share of 
deflection. Obviously, such a contention is against sound reason- 
ing as the development of the deflection Equation [2] includes the 
contribution of the full share of deflection of all coils. 

The fact that the end coils are held so that they can move 
only axially and parallel to their plane does not prevent the bar 
of the end coils from twisting due to the torque applied. Thus 
the axial deflection of the spring is increased proportionally to 
this twist and corresponds to one-fourth of an additional free 
coil per spring end beyond the deflection of a spring with rigid 
arms at free coil ends. 

The author fully agrees with R. L. Peek, Jr., that in cases of 
compressing helical springs between parallel plane surfaces, the 
deformation of the spring as a whole and in particular of the end 
coil, will be different from the deformation as calculated in ac- 
cordance with assumptions made in the analyses in the paper. 
This difference will vary with the different shapes of the spring 
ends as furnished in commercial helical compression springs. 

However, when we consider the error range due to (a) using 
the conventional spring-deflection equation instead of the 
Saint-Venant equation given in Appendix 3, (6) unavoidable 
variations in spring-bar and coil diameters of commercial springs 
which appear in the equation in the fourth and third power, re- 
spectively, (c) change in pitch angle and coil diameter during 
compression, (d) uncertainty as to spring end loading conditions, 
(e) neglecting the influence of the spring index D/d, and (f) un- 
certainty as to the actual value of the modulus of elasticity # or 
G, respectively, the variation of the actual deflection of the end 
coil from the one calculated, and given as being equal to the de- 
flection of 1/4 coil due to maximum torque, is so small in compari- 
son to other discrepancies that its disregard is fully justified. 
This is very apparent when we realize that a 5 per cent error in 
determining the end-coil deflection results in an error of less than 


as given by the conventional deflection equation f = 
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0.5 per cent in reference to the total deflection of a spring with 
five active coils. 

An objection-free determination of the actual deflection of 
the end coil of a commercial helical compression spring with an 
accuracy within such a small error range would be very difficult. 

Referring to A. M. Wahl’s discussion, the values of E, G, 
and m were taken from the latest edition of Hiitte, 1931, first 
volume, p. 689, where the following data for spring steels is 
given: 


E = 2,100,000 kg per sq cm or E = 30,000,000 lb per sq in. 
G = 822,000 kg per sq em G = 11,700,000 lb per sq in. 
G/E = 0.392 m = 3.63, from G = E/2(1 + 1/m) 


These data have always corresponded with spring tests made 
under the consideration of the proper number of active coils (re- 
gardless of small or large number of active coils), as given in the 
author’s paper, and were therefore accepted by the author as 
being dependable. Hiitte is considered one of the outstanding 
sources of reliable engineering information. 

Mr. Wahl questions the accuracy of determining the value of 
G by testing two springs as suggested by the author, and in his 
example assumes G = 11.5 X 10° instead of 11.85 X 10%, in 
which case Mr. Wahl calculates the effect of the end coils to be 
that of 0.15 free coils instead of 0.5 as demonstrated in this 
paper. Mr. Wahl’s analysis is, on this point, incorrect and de- 
ceiving. 

In the author’s example, @ is determined from actual values of 
n’ = 11.5, d + 1.122, D = 4.14, f = 1.66, and P = 4600 and (in 
conformity with the theory developed in the paper) n = n’ + 1/s. 

If, in the example, the value of G had been different, say 
11.5 X 105, then the deflection f would have been 1.715 in. in- 
stead of 1.66 in. as it actually showed in the test, and n = 12 
and not 11.65. The number of effective coils is fixed by the 
spring design and does not depend on the value of G. 

The value of G cannot vary much for commercial spring steel. 
The skeptical engineer, however, can determine its value and 
concurrently the actual effect of the end coils, with satisfactory 
accuracy, by the method of testing two springs of equal dimen- 
sions but with greatly differing numbers of coils, as suggested by 
the author in the last part of his paper. 

Mr. Wahl, in referring to the influence of the spring index on 
spring deflection, mentions that the conventional spring-de- 
flection equation for helical round-wire springs is correct within 
3 per cent for springs having indexes varying from 2.7 to 9.5. 

The author determines the effect of the spring index on the 
spring deflection definitely by adding the direct shear deflection 
to the torsional deflection of the helical spring. The deflection 


T iodb; 
of direct or pure shear for the spring is f” = yh ==L= 
rp spring isf’ = yl =, FG 
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Fy = eee (for circular cross-sections from 
OUT IP ong 
Gard 
of this deflection is already included in the conventional spring 
equation, as in helical springs under load P about one-half the 
shear load P is balanced by the total sum of torsional shearing- 


where L = 2Rrn, 


Hiitte), P = spring load, or f” = About half 
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stress components parallel to the spring axis, as explained by 
Dr.-Ing. A. Rover in Z.V.D.I., Nov. 20, 1913, p. 1907. 

By using the conventional spring-deflection equation, it is 
assumed that a curved bar has the same torsional deflection as 
a straight bar of the same length. The stress distribution in the 
cross-sections of the straight and curved bars is, however, slightly 
different and causes a small difference in deflection, amounting 
to one-half the deflection due to pure shear. The deflection of 
the curved bar is less than that of the straight bar, when the 
pure shear deflection is considered for both. 

The total deflection of the helical spring under load P is: 
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= shear angle in radians 

= shearing stress 

= mean radius of coil 

= mean diameter of coil 

= diameter of spring wire or bar 
= number of active coils 

spring load 

= torsional modulus of elasticity 
= total spring deflection 

= effective length of wire or bar 
= deflection due to pure shear. 
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Applying the extended deflection equation in conjunction with 
accurate spring tests will result in finding more uniform values 
for G. 

Plotting the shear deflection, in per cent of torsional spring 
deflection, against the spring index D/d we find the curve given 
in Fig. 13. 
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This paper gives the results of a large number of tests 
') made to ascertain the thermal performance of a 10,000- 
‘kw turbine-generator designed for steam at 1000 F. The 
thermal efficiency was found to be 31.8 per cent and the 
engine efficiency 76 per cent for the complete unit. A 
companion paper, entitled “High-Temperature Steam 
Experience at Detroit” (A.S.M.E.Trans., 1934, FSP-56-9), by 
P. W. Thompson and R. M. Van Duzer, Jr., deals with the 


generation and utilization of the steam at this tem- 


~ perature, with special reference to the materials employed. 


HE advantages of using high-temperature steam at the 

throttle of a turbine, as compared with low-temperature 

steam of the same pressure, used without reheating, are: 
(a) more energy is available for transformation into work for 
_any specified exhaust pressure; (b) a larger portion of, this 
available energy can be utilized; and (c) less erosion of the 
‘turbine blades in the low-pressure stages is produced. These 
advantages are of sufficient importance in the operation of 
large central stations to justify the expenditure of large sums 
of money to ascertain new facts concerning the use of high- 
temperature steam. Even though steam temperatures above 
1000 F have been used previously in certain static apparatus, 
the problems encountered in designing turbine parts to sustain 
high temperatures are much more difficult, because small clear- 
ances between the high-speed rotor and the stationary elements 
must be maintained in spite of the tendency of the materials 
to grow and become seriously distorted when heated to a tem- 
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The Thermal Performance of the Detroit 
Turbine Using Steam at 1000 F 


By W. A. CARTER,! DETROIT, MICH., anp F. O. ELLENWOOD,? ITHACA, N. Y. 


perature nearly 1000 degrees above that prevailing when the 
machine is cold. 

The main results obtained from the analysis of the tests of the 
Detroit unit may be briefly expressed as follows: 

(a) The energy consumption of the complete unit (turbine- 
generator and three heaters) was 10,730 Btu per kwhr, for a 
load of 10,000 kw, a throttle pressure of 390 lb per sq in. abs, 
a throttle temperature of 1000 F and an exhaust pressure of 1 
in. Hg abs. This means a thermal efficiency of 31.8 per cent, 
and an engine efficiency of 76 per cent for the complete unit. 

(b) A load of 10,000 kw with steam at 1000 F was not large 
enough to give the highest thermal efficiency of this unit. 

(c) Increasing the steam temperature from 700 to 1000 F 
reduced the energy consumption of this unit 920 Btu per kwhr 
or 7.9 per cent. 

(d) The radiation and convection losses from the turbine 
and heaters with steam at 1000 F were relatively small, namely, 
0.6 per cent of the available energy for a load of 10,000 kw. 

(e) The loss due to the leakage of sealing steam was relatively 
large, namely, 4.4 per cent of the available energy for full-load 
conditions. This is probably not an inherent characteristic of 
large turbines designed for steam at 1000 F. 

(f) The results of these tests become attractive when viewed 
from the future possibilities of steam at 1000 F used in large 
units with a far smaller percentage of loss due to the sealing 
steam, since the complete elimination of this loss (not an in- 
conceivable attainment in a unit of 50,000 kw or larger) would 
mean an energy consumption of about 9900 Btu per kwhr of 
net generator output for the same steam pressures as used in 
these tests. For a pressure of 1200 lb per sq in., and no re- 
heating, one may reasonably expect that a very large unit (say 
75,000 kw or more) would require an energy consumption of 
about 8600 Btu per kwhr. 

(g) The foregoing conclusions refer only to thermal efficien- 
cies. The authors are not overlooking the difficulties of design 
and of material that have arisen in the building of the present 
small machine. Neither are they failing to recognize the opinions 
expressed on behalf of the turbine manufacturers that such 
a large machine as that described in (f ) can be built, are implicit 
rather than explicit. The authors in this paper have made some 
suggestions as to modifications of design, and inasmuch as they 
are neither designers nor builders of turbines, they do not wish 
to expand these. But they take occasion, nevertheless, to say 
that in their opinion the difficulties of building such a large 
machine for steam having a temperature of 1000 F are not 
insuperable. 

(h) The “nominal” over-all coefficients of heat transfer in the 
feedwater heaters that received highly superheated steam in 
these tests may seem to be high relative to those generally ob- 
tained when saturated steam is used. These, however, are 
merely “nominal” values based upon “nominal” mean tempera- 
ture differences rather than upon the real ones; and the water 
velocities involved in each case should also be carefully consid- 
ered. The temperatures of the feedwater leaving the heaters, as 
indicated by the “nomina]’’ temperature differences which are 
based upon the saturated temperatures of the entering steam, 
approached closely the values applying to the ideal unit herein 


477 


478 
TABLE 1 SUMMARY OF TEST AT 1000 F 

Net Load, kw 

At generator terminals............-. 10,068 8,034 5,986 4,042 
Temperature, F 

Of steam entering throttle.......... 1,003 1,006 1,004 1,005 

Of sealing steam entering regulator. . 445 448 450 452 

Of feedwater leaving 9th-stage heater 337 322 304 282 
Absolute Pressure, lb per sq in. 

Of steam entering throttle.......... 392 390 393 387 

Of sealing steam entering regulator. . 391 405 415 420 

Of steam at 9th-stage bleeder nozzle. . 128 103 78 55 

Of steam at 14th-stage bleeder nozzle 40.5 32.5 24.3 17.4 

Of steam at 17th-stage bleeder nozzle 10.5 8.4 6.3 4.5 

Of steam entering condenser........ 0.50 0.49 0.46 0.52 
Steam Rate, lb per kwhr 

Tor throttle sis « <tc l<icie\e tote steve. sie ee) s/s 6 8.388 8.403 8.519 8.965 

To sealing-steam regulator.........- 0.541 0.530 0.523 0.559 
Generator Efficiency, per cent 

Including bearings, ventilation, and 

excitation (furnished by B.T.-H.Co.) 95.58 95.07 94.11 91.90 

Energy Consumption Rate, Btu per kwhr 

Of complete unit (turbine-generator 

BUG HEAtOrs) seme cis clete meshtes ans here te 0,731 10,890 11,186 11,995 
Of turbine and heaters...........-. 10,257 10,3853 10,527 + 11,023 


Thermal Efficiency, per cent 


Of complete unit........-..+-25++5 31.81 31.34 30.51 28.45 

Of turbine and heaters...........-. 33.28 32.97 32.42 30.96 

Of corresponding ideal unit......... 41.86 42.00 42.28 41.59 
Engine Efficiency, per cent 

Of complete unit........---.+++++: 75.99 74.62 72.16 68.41 

Of turbine and heaters...........-. 79.50 78.49 76.68 74.44 


used. On the other hand, the true terminal temperature differ- 
ences of the heaters were much larger than the “nominal” as 
they were based upon the actual temperature of the highly 
superheated steam entering the heaters. 

The most important data pertaining to the tests with steam at 
1000 F and the results obtained from them are summarized 
in Table 1. Attention is called to the two items for the steam 
rate as given in this table. The sum of these two steam rates is 
purposely omitted, as such a result would be of little significance, 
since the energy supplied with each pound of throttle steam was 
much greater than that supplied per pound of sealing steam. 


DESCRIPTION OF THE UNIT 


The unit tested consists of a horizontal tandem-compound 
turbine, a 12,500-kva generator, and three regenerative feed- 
water heaters. The turbine was designed for a steam pressure 
of 380 lb per sq in. abs at the throttle, an exhaust pressure 
of 1 in. Hg abs, and a steam temperature of 1000 F at the throttle. 
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It operates at 3600 rpm and is of the impulse type with nine stages 
in the high-pressure cylinder and eleven in the low. The genera- 
tor operates at 4800 volts and 60 cycles. A cross-section of the 
turbine is shown in Fig. 1. The pitch diameters of the blading 
in the first, second, ninth, tenth, and twentieth stage wheels are 
approximately 32.5, 23, 23.5, 32, and 50 in., respectively. The 
oil pump, exciters, and generator ventilating fans are driven by 
the turbine. The output of the generator, therefore, as given 
under the heading “Load” in the test data represents the net 
output of the unit, except for the negligibly small (0.1 per cent) 
amount of energy expended to operate the hotwell pump and the 
heater-drains pump. The feedwater heaters are of the horizontal 
four-pass type with heating surfaces as given in Table 6. The 
drains from the heaters are handled as shown by the diagrammatic 
sketch in Fig. 2. The exhaust steam from the turbine is delivered 
to an 8000-sq ft, two-pass condenser, which is slightly undersized 
for this service, as it was originally intended for another installa- 
tion. 

The turbine speed is regulated by a flyball-type governor 
driven directly from the turbine shaft, and the governing is ac- 
complished by means of five control valves that are operated by a 
camshaft moved by an oil servo-motor controlled by the governor. 

The high-pressure shaft packing constitutes an important 
part of the turbine because leakage of the high-temperature 
steam might cause serious heating of the shaft and bearing in 
addition to the loss of energy due to the leakage. The axial 
length of the high-pressure packing is greater than the as- 
sembly of the first nine wheels, as may be seen in Fig. 1. This 
extended form of the packing permits the shaft to be kept 
reasonably cool by the sealing steam leaking through the pack- 
ing, and thus the main bearing is not endangered by the high 
steam temperature at the throttle. The steam leaving the 
first-stage wheel has a temperature of about 930 F and is kept 
from passing through the packing glands by using saturated 
steam of slightly higher pressure as sealing steam. When the 
sealing-steam regulator is set to give a pressure at entrance to 
the high-pressure packing of 0.5 lb per sq in. above that in the 
first-stage shell, the leakage of saturated steam past the inner 
packing and into this shell amounts to about 10 per cent of the 
total sealing steam, or about 0.6 per cent of the total flow to the 
turbine for a load of 10,000 kw. Part of the sealing steam from 
the intermediate high-pressure packing passes on to the outer 
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packing and the remainder goes to the ninth-stage heater. Part 
of the leakage through the outer packing seals the shaft packing 
on the exhaust end of the turbine and the remainder passes 
through a pressure regulator on its way to the seventeenth-stage 
heater. The connecting lines between the turbine, heaters, 
pumps, and seals are shown in Fig. 2. The atmospheric vents, 
marked A in the diagram, discharge very small amounts of 
vapor, and thus serve to give constant evidence to the operator 
that all seals are being properly maintained. No water seals are 
__ used on any of the shaft packings. The packing is of the saw- 
tooth type, as shown in Fig. 3, and is arranged in the form of 
individual rings, each of which is composed of four sectors. 
The sectors are held in place by leaf springs, which are intended 
to provide sufficient flexibility to prevent damage to the packing 
from small shaft deflections that are likely to occur during start- 
ing. 

The high-pressure cylinder has an inner and an outer casing, 

as shown in Fig. 1. The inner casing holds the eight interstage 
diaphragms and is made in two halves with axial flanged joints. 
The outer casing supports the inner one, fitting it snugly at the 
end nearer the throttle, and has only circumferential joints 
at its two ends. This construction eliminates the junctions of 
axial and circumferential joints used in the conventional design 
turbine cylinders with split casings, which might be difficult to 
maintain in a tight condition with steam at such a high tempera- 
\ ture. 
' The materials used in the construction of the turbine are 
fully discussed in the accompanying paper on “High-Temperature 
Steam Experience at Detroit,’ by P. W. Thompson and R. M. 
Van Duzer, Jr. (A.S.M.E. Trans., 1934, FSP-56-9). 

The turbine and generator were made by The British Thomson- 
Houston Company, Ltd., of Rugby, England, and the heaters 
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were made by The Griscom-Russell Company, of New York 
City. The unit was installed in Delray Power House No. 3, 
of The Detroit Edison Company in 1930. Before the tests were 
made the unit had been operated under load for more than 4700 
hours, of which 1500 had been with steam at 1000 F. This 
operation involved a large number of separate runs, which caused 
noticeable wear of the high-pressure packing glands during the 
starting periods. Although the glands were refitted after this 
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operation, some wear was undoubtedly caused by starting the 
unit eight times before the final tests were made. 


Trst PROCEDURE 


Forty runs were made on this unit under various conditions, 
such as load, temperature of steam at the throttle, temperature 
of sealing steam, and exhaust pressure. Only twenty-four runs 
are tabulated in this paper as they are the ones for which the 
operating conditions were the nearest to those for which the 
unit was designed. 
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The loads on the unit were nominally 
10,000, 8000, 6000, and 4000 kw. The 
pressure of the steam at the turbine throt- 
tle was maintained at approximately 390 lb 
per sq in. abs by manual operation of a 
throttling valve at the superheater outlet. 
This throttle pressure was about 3 per 
cent above that for which the turbine was 
designed. The temperature of the steam 
at the turbine throttle was maintained at 
1000 F during the principal runs and at 
900, 800, and 700 F on the supplementary 
runs. The steam supplied to the throttle 
was station steam of approximately 700 F 
that had been further superheated in an 
oil-fired superheater. 

During most of the runs saturated steam 
at a pressure slightly above that in the 
first-stage shell of the turbine was used 
to seal the high-pressure shaft packing. 
In the earlier runs this differential pres- 
sure was about 1.5 lb per sq in. and was 
gradually reduced to 0.5 as the runs 
progressed. Certain runs were repeated 
in order to study the effect of using seal- 
ing steam at a temperature of 700 F. 

The exhaust pressure during some of the runs was undesir- 
ably high as they were made in the summer time with warm 
condensing water and no attempt was made to regulate the 
exhaust pressure to some constant value. While the runs in 
the winter time were being made, the exhaust pressure was 
regulated to approximately 1 in. Hg abs for all loads by ad- 
mitting air to the vacuum pump suction. During all runs the 


CONDENSER 


480 


power factor was maintained at the design value of 80 per cent. 

Each run was of such duration that approximately 40,000 
kwhr were generated. This insured uniform accuracy in weigh- 
ing condensate and measuring electrical output in all runs. 
The frequency of making instrument observations was ad- 
justed on the runs of various lengths so that there would be 
approximately the same number of observations on each run. 
Portable telephones were used to synchronize the essential 
observations. ‘The personnel consisted of eleven men. 

The pressures of the steam at various locations were measured 
with different types of instruments. Those of the steam at the 
throttle, at the sealing steam inlet, and at the higher pressure 
bleeder nozzles were measured with Bourdon spring pressure 
gages. The pressure at the low-pressure bleeder nozzle was 
obtained by means of a mercury manometer. The exhaust 
pressure was measured by two barometer-type mercury columns 
connected to tapped openings in opposite sides of the distance 
piece between the turbine exhaust opening and the condenser. 
These two openings were in a vertical plane approximately 2 ft 
beyond the last-stage wheel. Atmospheric pressure Was 
measured by a mercury barometer. 
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Method of Measuring Temperatures. The temperatures of 
the steam entering the throttle and of the sealing steam were 
measured by means of a potentiometer-type thermocouple 
system. lJron-constantan thermocouples were peened into the 
outside surfaces of the pipe, which were well insulated. The 
wires of the thermocouples were electrically insulated from 
the pipe and were wrapped around the pipe before being led out 
through the pipe covering. The high accuracy of this method 
of measuring the temperature of steam flowing in a well-insulated 
pipe results from the very small temperature gradient from the 
flowing steam to the outside surface of the pipe. This tempera- 
ture head is small, as there is a very small amount of heat con- 
ducted through the liberal thickness of pipe covering. The 
relative accuracy of this method of measuring the temperature 
of steam compared with that of using a thermocouple welded 
into the bottom of a thermometer well is indicated by the curves 
in Fig. 4. This comparison, which is one of several made by the 
Research Department of The Detroit Edison Company, is at a 
somewhat lower temperature than the maximum temperature of 
1000 F encountered with this turbine, but these curves show that 
this method of measuring the temperature of steam in a well- 
insulated pipe is reliable. 

All other temperature measurements except one were made 
with etched-stem thermometers. The exception was that of 
the steam entering the ninth-stage heater which was measured 
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with a thermocouple inserted in a thermometer well because of 
insufficient room to insert an etched-stem thermometer. 

Steam Consumption Measurements. Measurement of the 
steam consumption was complicated because the amount of 
condensate from the hotwell, the sealing steam, the bled steam, 
the leak-off steam, and leak-off sealing water had to be made 
separately. The water for sealing the shaft glands of the 
pumps and the relief valves on the condenser and heaters was 
condensate from this unit. 

During the tests with steam at 1000 F, the condensate 
from the hotwell, instead of being pumped directly to the low- 
pressure heater, as shown in Fig. 2, was delivered by two pumps 
in series to open weighing tanks. From these tanks it flowed by 
gravity to an open dump tank, through a deaerator, through a 
surface-type cooler and to the suction of the hotwell pump shown 
in Fig. 2. Thus it started through the feedwater heaters at sub- 
stantially the same temperature that it had at the hotwell outlet. 
The weighing tanks were provided with leakproof dump valves 
and with large certified calibration weights which could be 
applied at will by means of hydraulic jacks. 

The rates of flow of sealing steam to the high-pressure shaft 
packing and of the leak-off from this packing to the low-pressure 
shaft packing and heaters were measured by means of flow 
nozzles and differential manometers. Mercury under water 
was usually used in these manometers, but in order to increase 
the differential indicated by the manometers in some cases 
acetylene tetrabromide was substituted for the mercury. Its 
specific gravity is 22.1 per cent of that of mercury at 32 F. 

The steam bled from the turbine for heating the feedwater 
was supplemented in two of the heaters by leak-off sealing 
steam from the shaft packings, as shown in Fig. 3. The con- 
densate produced in the heaters was cascaded successively 
from the highest pressure heater to the lowest pressure one. 
From the latter it was pumped into the feedwater circuit beyond 
the outlet of the lowest pressure heater. The quantity of steam 
bled from each extraction nozzle was calculated from the energy 
balance of the three heaters. The known data entering into this 
energy-balance were, (1) the rate of flow of feedwater through 
the low-pressure heater, (2) the rate of sealing steam leak-off 
from the high-pressure shaft packing to the heaters, (3) the pres- 
sure of the steam entering each heater, and (4) the temperatures 
of the heater drains entering the water circuit beyond the low- 
pressure heater, of the feedwater entering and leaving each heater, 
and of the steam entering each heater. 

The small amount of sealing steam escaping from each of 
the four shaft-packing atmospheric vents was measured once 
during the tests by collecting the steam in a pipe leading to a 
small condenser. The weight of the condensate formed during 
a definite period determined the rate of flow, which was assumed 
constant for all runs. 

The steam leak-off from the throttle valve and the control 
valves was condensed and, being unmeasured, was admitted 
to the suction of the pump that delivered the hotwell condensate 
to the weighing tanks. 

All of the water used for sealing the relief valves on the heaters, 
as well as on the turbine exhaust, and for sealing the shaft 
glands on the pumps was condensate extracted from various 
points in the water circuit of the unit. In some cases the water 
had not yet reached the weighing tanks before it was with- 
drawn to be used for sealing purposes, while in the other cases it 
had been through the weighing tanks before being diverted from 
the main water circuit. In the former cases the leak-off was 
collected in tanks and was periodically siphoned into the suction 
of the pump that delivered the hotwell condensate to the weigh- 
ing tanks. In the latter cases the leak-off was measured in 
open tanks and was then discarded; but its magnitude was not 


sufficient to affect the heater performance whether it passed 
through the heaters or not. Although the leak-off in the latter 
cases was small, it was applied as a correction to the weighed 
water to determine the amount of feedwater entering the low- 
__ pressure feedwater heater. 

| The piping system for this unit was thoroughly isolated from 
the rest of the plant at all connecting points, by means of double 
valves with open drips between them. 

Tests for leakage of condensing water into the steam space 
_ of the condenser, and of cooling water into the weighed con- 
densate as it passed through the cooler, which were continually 
made by the electrical conductivity method, showed that there 
was no inleakage of water that was detectable. A careful test 
of the entire circuit through which condensate from both sources 
of steam passed was made and it showed that no steam or con- 
~ densate escaped measurement. The errors in determining the 
entire steam flow very probably did not exceed plus or minus 1 
§ per cent. 

Generator Output. The generator output was measured by 
means of instrument transformers and an integrating watt- 
meter which had a low multiplier, namely, 100. 

Radiation and Convection Losses. During one run with 
steam at 1000 F and a load of 10,000 kw, sufficient data were 
taken to calculate the heat transmission from the unit by radia- 
, tion and convection. These data included, (1) the area or sur- 
| \faces of the turbine, of the feedwater heaters, of the steam 
extraction lines, and of the water piping between heaters, (2) 
the temperatures of these surfaces, (3) the ambient air tempera- 
ture, and (4) the temperatures of other bodies that absorbed 
radiation from the unit. The only parts of the unit that were not 
well insulated were the bonnets of the turbine control valves and 
the pumps. 

Calibration of Instruments. All the instruments used in these 
tests were carefully selected for their appropriateness and 
reliability. They were calibrated with care both before and 
after the tests. Some of them were occasionally given additional 
checks between runs. 

Alternate Test Procedure in Supplementary Runs. In the 
supplementary runs, during which the temperature of the 
steam at the throttle was 900, 800, or 700 F, all measurements 
were made as in the runs with steam at 1000 F, except that the 
hotwell condensate was not weighed, but was pumped directly 
to the feedwater heaters as during normal operation. A care- 
fully calibrated integrating venturi meter on the discharge side 
of the high-pressure heater measured the hotwell condensate 
plus that from the heater-drains. 

The probable errors in determining the entire steam flow in 
these supplementary runs were not more than plus or minus 1.5 
per cent. 
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ENGINE EFFICIENCY AND THE IDEAL UNIT 


The thermal performances of turbines and turbine generators 
may be expressed in terms of their thermal efficiencies, engine 
efficiencies, and rates of energy consumption per unit of me- 
chanical or electrical energy delivered by the unit. Each 
of these forms of expression is useful, and the one of most value 
depends upon the purpose for which the performance data are 
desired. With a turbine that uses steam of higher temperature 
or higher pressure than is usual, however, the engine efficiency 
becomes of the greatest interest because this term expresses more 
satisfactorily than any other one the degree of perfection at- 
tained by such a turbine. The engine efficiency of any unit is 
defined as the ratio of the thermal efficiency of the actual unit 
to that of the corresponding ideal unit. The word “unit” in this 
definition may be taken to mean the turbine and its regenerative 
feedwater heaters, or the turbine generator and heaters. 
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All real turbines have the following imperfections: throttling 
at admission, leakage at the high-pressure and low-pressure 
packings, leakage between stages, nozzle and blade losses, 
rotational losses, exit velocity loss, bearing friction, and heat 
transmission from all external parts of the machine to its sur- 
roundings. The ideal turbine has none of these losses because 
it is defined as a machine that can utilize all of the available 
energy of the steam for any specified throttle condition, ex- 
haust pressure, and any given number of feedwater heaters ex- 
tracting steam at the same pressures as those used in the actual 
turbine. 

When a turbine bleeds steam to heat feedwater the combina- 
tion of the turbine and its heaters constitutes a regenerative 
unit, and the corresponding ideal unit may include an infinite 
number of heaters or the same number of heaters as are em- 
ployed in the actual case. The choice of which ideal regenera- 
tive unit to select as a standard on which to base the engine 
efficiency of the actual unit depends chiefly upon the purpose 
for which the results are needed. For those cases, however, 
in which a specific turbine has been operated and tested with a 
finite number of heaters in use, there is one important advantage 
in comparing its performance with that of an ideal unit having 
the same number of heaters as the actual. With this procedure 
the effect of the number of heaters in use on the engine efficiency 
is eliminated; and the engine efficiency of the turbine and 
heaters will, therefore, be less than 100 per cent simply because 
of the imperfections in the turbine and heaters. 

The actual heaters have certain losses such as those due to 
throttling of the steam in its passage from the turbine to the 
heaters, heat transfer from the outside of the heater to the 
surroundings, and a terminal temperature difference. These 
heater losses are not large, but nevertheless they tend to make 
the engine efficiency of the regenerative unit somewhat less 
than that of the same unit operated on the Rankine cycle. 
However, the efficiency of the ideal regenerative unit with a 
finite number of heaters is generally sufficiently higher than 
that of the Rankine to make the thermal efficiency of the actual 
regenerative unit far superior to that obtained without regenera- 
tive feedwater heating. In this connection, attention is called 
to the bare possibility of having a higher engine efficiency with 
the regenerative unit than with the same turbine operating on 
the Rankine cycle, because it is possible, at full load or overload, 
to have the blades in the last stage of a turbine too small to handle 
efficiently the total throttle flow, and thus the last-stage leaving 
loss may become sufficiently large to counteract the effect of the 
heater losses in the regenerative unit. 

Ordinarily a turbine has but one supply of steam, that is, 
the amount coming through the throttle valve, but in this 
high-temperature unit the turbine has two sources of supply. 
The chief one is that of the throttle, and the secondary one is 
the steam supplied to the regulator to seal the high-pressure 
packing glands from which some of the sealing steam passes to 
the first-stage shell and thus through the remainder of the 
turbine. This secondary supply is used because steam of a 
lower temperature than the throttle steam is more satisfactory 
as sealing steam. This secondary supply of steam complicates 
to a considerable extent the calculation of the efficiency of the 
corresponding ideal unit, which is considered to fulfil the follow- 
ing conditions: 

(1) The steam supplied to the ideal unit corresponds with 
that of the actual unit as to the quantity and condition at each 
of the two points where steam is admitted. 

(2) All steam admitted to the ideal unit is assumed to have no 
throttling, leakage, fluid friction, turbulence, or heat transfer 
in its passage through the turbine. Any steam admitted, in 
addition to that at the throttle, is considered as mixed at con- 
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at entrance to throttle, Btu per lb 


ha = enthalpy, or heat content, of the steam 
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the actual unit, Btu per kwhr 


3413 : 
€a = = thermal efficiency of the actual unit 
€a 
“* _ engine efficiency of the complete unit (tur- 
e1 

bine-generator and heaters) 
e, = efficiency of the generator, including bearings, 


ventilation, and excitation 


The generator efficiencies, as given in Tables 1 and 3, were 
supplied by the builder. The engine efficiency of the turbine 
and heaters is found by dividing the engine efficiency of the 
complete unit by the generator efficiency. 

Sample calculations for the ideal and actual units in Run 
No. 1 (see Tables 1 and 2) are as follows: 


Waha + woh, _ 84,448 X 1529 + 5444 X 1206 


h = 
1 wy or (Wa + Ws) 89,892 
= 1509 Btu per lb 
hy — hs 317 — 237 
mM, = = 7.16 per cent 


a ty ha 1855 = 237 
(hs —hr)(L — m2) _ (237 — 163) (0.9284) 


eal Ig 1238 — 163 
= 6.37 per cent 
oe hehe 1126 — 48 
= 9.22 per cent 
Wk: = ha — hs — ma(h2 — he) — ahs — hs) ma(ha — hs) 
= 1509 — 945 — (0.0716) (1355 — 945) — 
(0.0637) (1238 — 945) — (0.0922) (1126 — 945) 
= 499 Btu per lb 
i 4 
ei = Ek = ae =, 41.86 per cent 
his hs ) 1509\— 3h7 
hy —h 89,892(1509 — 308 
ere \ ) — 10,730 Btu per 
L 10,068 
kwhr = energy consumption rate of the actual unit 
Al: 3413 
€a = STs pee gent per cent = actual thermal 
E. 10,730 
efficiency of the complete unit 
‘a 1.81 
ee Ls 75.99 per cent = engine efficiency of the 
e; 41.86 


complete unit 
(ea) 0.7599 


(e:)  (e@) 0.9558 
turbine and heaters alone. 


= 79.50 per cent = engine efficiency of the 


EnEeRGY ConsuMPTION RaTE 


It may be noted that throughout this paper the term “energy 
consumption rate” (energy rate) of the unit is used instead of 
the more common one “heat consumption rate’ (heat rate). 
The former term is preferred because it is a more accurate ex- 
pression for any steam turbine, although the term “heat rate” 
is entirely appropriate for a steam station. The reason for this 
distinction becomes apparent after careful consideration is 
given to the facts in the matter, regardless of what may have 
been heretofore commonly used. Steam passes through a 
turbine under steady flow conditions, and this steam cannot, 
therefore, continuously operate a turbine by merely having 
heat supplied to the fluid. Instead, the fluid must be con- 
stantly supplied with the more expensive mechanical energy 
delivered by suitable pumps before the absorption of heat takes 
place in a steam-generating unit. These two forms of energy 
supplied to the fluid are simply and accurately taken care of, 
in the equations previdusly given, by means of the enthalpies 


of the fluid at entrance to, and exit from the unit. In this 
connection, particular attention is called to the term hy be- 
cause this is the enthalpy of saturated liquid corresponding to 
the feedwater temperature leaving the ninth-stage heater, and 
not the enthalpy of the feedwater corresponding to its actual 
state leaving this heater. The actual pressure of the feed- 
water leaving this heater is several hundred pounds higher than 
the saturation pressure corresponding to the feedwater tem- 
perature, merely because the feed pump is conveniently con- 
nected between the ninth- and fourteenth-stage heaters, as 
shown in Fig. 2. The three heaters and their pumps form part 
of the complete unit, but the feed pump is not included and 
thus the energy credited to the unit by the feedwater leaving the 
ninth-stage heater is determined by its temperature rather than 
by its temperature and pressure. 


Test Data 


In addition to the summary, given in Table 1, the principal 
test data are presented in Tables 2 and 3 for which the nota- 
tion and methods of calculation have been given in the preced- 
ing section. The values given in Table 2 are needed to cal- 
culate the efficiency of the ideal turbine and three heaters under 
various conditions. In this table the pressures, temperatures, 
and rates of flow were obtained from observed values for the 
actual unit. ‘The enthalpies and entropies corresponding to the 
test data and the methods of calculation previously given were 
taken from Keenan’s Steam Tables. In both Tables 2 and 3, 
the data for the first eight runs were obtained with the exhaust 
pressure held as near to 1.0 in. Hg as could be obtained by regu- 
lating the air leakage into the suction line of the vacuum pump, 
since they were made when cold condensing water was available. 
The remainder of the runs, 9 to 24, inclusive, were made during 
warm weather when an exhaust pressure of 1 in. could not be 
obtained under full load conditions. For all of these runs, 
whether with regulated or unregulated exhaust pressures, the 
engine efficiencies given in Table 3 have been based on the ideal 
unit having the same conditions as those prevailing during the 
test; hence this table gives the actual engine efficiencies obtained 
with various exhaust pressures and throttle temperatures. From 
this table one may observe that the highest value of the engine 
efficiency of the turbine and heaters for steam at 1000 F and an 
exhaust pressure of 1.01 in. Hg abs was 79.5 per cent, as shown 
for Run No. 1. On the other hand, in Run No. 9, when the ex- 
haust pressure was 1.82 in. Hg abs and the throttle tempera- 
ture the same as in Run No. 1, the engine efficiency was 81.5 
per cent. This is in keeping with the general characteristics 
of turbines, since the lower exhaust pressure involves a larger 
loss of available energy due to the greater losses due to mois- 
ture and to exit velocities from the wheels in the low-pressure 
region. The thermal efficiency in Run No. 1, however, is greater 
than that in Run No. 9, because the available energy is so much 
greater with the lower exhaust pressure. 

To show the relation between the throttle temperature and 
the rate of energy consumption of the unit, the data must be 
reduced to a comparable basis, as shown in Table 3A. The 
correction factors in this table were obtained from the builder of 
the turbine; and these corrections are seen to be almost negligible, 
except in certain runs where the exhaust pressure was much above 
the nominal value. Since the corrections due to variation in the 
exhaust pressure were appreciable for some runs, the manu- 
facturer’s values of this correction were checked by actual test 
and found to be correct. After obtaining the corrected energy 
consumption, as given in Table 3A, the results were plotted as 
shown in Fig. 6, in which the triangles represent data for Runs 
1 to 8, inclusive, and the circles for Runs 9 to 24, inclusive. Even 
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The additional curves given in Fig. 7 show approximately 
the same slope as those in Fig. 6. Each curve in Fig. 7, how- 
ever, is slightly below its corresponding one of Fig. 6, because 
those in Fig. 7 represent the results obtained by using super- 
heated sealing steam (f = 700 F) instead of saturated. The 
difference in the energy consumption rate, however, is not large 
especially at high loads, as may be seen from the curves in 
Fig. 8; but these results clearly indicate that there is a slight 
thermal gain by using the superheated sealing steam. Such a 
result is to be expected because a portion of the sealing steam 
leaks into the first-stage shell and there mixes with steam of 
much higher temperature. The tests made with the super- 
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ENERGY CONSUMPTION RATE, BTU PER KWHR 


11,000 


6,000 6,000 
LOAD, KILOWATTS 


19.000 


Fic. 8 Enperoy Consumption Rate or TURBINE-GENBRATOR AND 
TurREE HEATERS 


(Throttle pressure, 390 lb per sq in. abs; exhaust pressure, 1.0 in. Hg abs. 
Derived from Figs. 6 and ra) 


heated sealing steam are considered merely as supplementary 
ones, since the turbine was designed to use saturated sealing 
steam; hence the tabular data on which Fig. 7 is based have 
been omitted. 

The engine efficiencies, as represented by the curves in Fig. 
9, are plotted directly from Table 3 for Runs 1 to 8 with the 
regulated exhaust pressure. 

These curves show that with steam at 700 F the turbine 
would reach its maximum engine efficiency with a load only 
slightly above 10,000 kw, but that with steam at 1000 F its 
maximum engine efficiency would be attained with an appre- 
ciably higher load—probably 13,000 or 14,000 kw. 

The losses due to radiation and convection from the turbine 
and heaters are given in Table 4 for a load of 10,000 kw. This 
table shows that radiation accounted for about 65 per cent of 
the total amount of heat transferred from the unit. This 
proportion decreased slightly for lower loads until it became 
62 per cent with a load of 4000 kw and steam at 1000 F. For 
this load the total loss by heat transmission was calculated to 
be 192,600 Btu per hr. In no case was this form of loss a serious 
one, because the unit was well insulated. The complete data for 
the observed temperatures and surfaces and the necessary 
calculations involved in the determination of these losses would 
require about 40 times as much space as that given in Table 4 
and could not, therefore, be easily given in this paper. 


Enreray BALANCE OF THE TURBINE 
An energy balance of <a) turbine is always of interest and 
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TABLE 4 RADIATION AND CONVECTION LOSSES FROM TUR- 
BINE AND HEATERS vee eg AT 1000 F AND LOAD OF 
10,000 IK 


Radiation, Convection, Total, 
Btu per hr Btu per hr Btu per hr 
High-pressure cylinder and cross-over... . 51,500 40,700 92,200 
Low-pressure cylinder........-.se++++55 14,500 6,100 20,600 
9th-stage bleeder line............+e5e0% 2,700 2,800 5,500 
14th-stage bleeder line..........+.eeees 21,500 7,200 28,700 
17th-stage bleeder line.......... eee eens 17,300 7,800 25,100 
Qth-stage heater.......eee eee rece eeeaee 5,400 1,600 7,000 
14th-stage heater...........+-+ee scenes 3,600 1,000 4,600 
17th-stage heater...0......+e cece eens 2,000 700 2,700 
Condensate line from 17th- to 14th-stage 
heaters, lines and pump for heater 
Ate th | en: eee enor on 4,700 1,700 6,400 
Condensate line from 14th- to 9th-stage 
heaters including pump......-..+-+65 9,000 4,000 13,000 
Drain line from 14th- to 17th-stage heaters 4,500 2,000 6,500 
Drain line from 9th- to 14th-stage heaters. 7,000 3,000 10,000 
Line from sealing steam pressure regulat- 
ing valve to shaft packing..........-. 1,600 1,000 2,600 
Total LOSSES... Geen siete tb ew een eet 145,300 79,600 224,900 


value, because it shows at a glance the distribution of the net 
amount of energy supplied to the turbine. Such a balance has 
been prepared for Run No. 1, since this was the one for the 
largest load carried, and is for steam at 1000 F. The results 
given in Table 5 show that one-third of the energy supplied to 
the turbine was delivered by the turbine shaft, and two-thirds 


ENGINE EFFICIENCY, PER CENT 


10,000 


LOAD, KILOWATTS 


Fic. 9 Enorne Errictmncy or TURBINE-GENERATOR AND THREE 
Haters AND OF TURBINE AND Hnaturs ALONE 


(Throttle pressure, regulated to ge) te econ AN lb per sqin. abs; exhaust 
pressure, regulated to approximately 1.0 in. Hg abs and saturated sealing 
steam at throttle pressure.) 


were absorbed by the condensing water, the radiation and con- 
vection losses being extremely small. After the energy ab- 
sorbed by the condenser per pound of total flow is found, it then 
becomes possible, by the aid of the other data, to determine the 
state of the steam leaving the turbine. To make this calculation, 
the amount of steam passing to the condenser must be found in 
terms of the total flow to the turbine. 

The weighed water from the hotwell was 71,280 lb per hr for 
Run No. 1; the condensate from the heater drains, as deter- 
mined by an energy balance of the heaters, was 18,430 lb per hr; 
and the amount of steam escaping from the atmospheric vents 
of the shaft packing glands was 185 lb per hr. Since the con- 
denser received only 71,280 Ib of steam out of a total flow to the 
turbine of 89,892 lb, the amount of energy absorbed from each 
pound of steam entering the condenser is found, by the aid of 
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(89,892) 
71,280 
the condensate in the hotwell had a temperature of 78 F its en- 
thalpy was 46 Btu per lb, and the steam entering the condenser 
must have had a total amount of energy of 1007 + 46 or 1053 
Btu per lb. This total energy is made up of the enthalpy of the 
steam entering the condenser plus its velocity energy. Neglect- 
ing the velocity energy, temporarily, the enthalpy of the exhaust 
steam would then be 1053; and for the known exhaust pressure 
the corresponding moisture would be 4.0 per cent and the specific 
volume, 622 cu ft per lb, which may be used as a trial value to 
find the velocity. Since the area of the exhaust opening was 
34.76 sq ft and the rate of flow to the condenser was 71,280 
lb per hr, or 19.8 lb per sec, the exit velocity would be 19.8 X 
622/34.76 = 354 ft per sec, or 21,240 ft per min. Such a result 
means that the velocity energy of the steam leaving the turbine 
would be 2.5 Btu per lb; and since the total energy of this steam 
has already been found to be 1053, its enthalpy would be 1053 
— 2.5 = 1050.5 Btu per lb. The corresponding value of the 


Table 5, to have been (798.5) = 1007 Btu. ‘Then, since 


TABLE 5 ENERGY BALANCE OF TURBINE FOR GENERATOR 
LOAD OF 10,068 KW AND STEAM TEMPERATURE OF 1000 F 


Btu per lb 
of total flow 
Energy distribution to turbine Per cent 
Energy delivered by turbine shaft............- 400.0 33.3 
From Table 3, 
[ 3413 X Load Be 3413 X 10,068 
(Gen. eff.) X (wa + wd) 0.9558 X 89,892 
Energy lost by radiation and convection....... 2.5 0.2 
From Table 4, 
Loss _ 224,900 
Total flow 89,892 
Energy absorbed by condenser (to balance)..... 798.5 66.5 
Energy supplied turbine........-----.-.e00-0 1201.0 100.0 


From Table 3, 
waha + wbhb 
Wa + Wb 


— hy = 1509 — 308 | 

moisture then becomes 4.2 per cent; and the specific volume 
remains so close to the temporary value previously found that 
additional calculations of the velocity and moisture are not 
necessary. 

Contrasted with this moisture of 4.2 per cent in the exhaust 
of the actual turbine, the steam from the corresponding ideal 
turbine would have 14.3 per cent moisture, as shown by state 
5 in Fig. 5. This difference is due to the turbulence, which is 
created by the steam in passing through the actual turbine, and 
which could be reduced to some extent by decreasing the exit 
velocity from each wheel. In other words, a larger number of 
stages or an increase in the diameters of the wheels would un- 
doubtedly increase the efficiency of the unit. On the other hand, 
more or larger wheels mean a higher first cost because the tur- 
bine is made of expensive metals, and an economic balance of 
these opposing factors must be considered, even in an experimen- 
tal machine such as this one. 


Loss Dur To THE SEALING STEAM 


The unusual arrangement of handling the sealing steam used 
for the high-pressure packing may possibly cause a difference 
of opinion as to the most logical method of calculating the loss 
of available mechanical energy produced by the leakage through 
the packing. Since about 90 per cent of the sealing steam is 
finally delivered to the seventeenth-stage heater, the question 
arises as to whether this heater pressure or the condenser pres- 
sure is the proper one on which the throttling loss of this part 
of the sealing steam should be based. If the condenser pres- 
sure be chosen as the proper one, the loss of available mechani- 
eal energy caused by using the saturated sealing steam at full 
load and throttle steam at 1000 F amounts to 4.4 per cent of 
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the total available energy; but if the seventeenth-stage heater 
pressure be chosen as the proper base, the loss is only 2.3 per 
cent. The authors consider the 4.4 per cent to be the more 
logical value for reasons that will now be given. 

If there were no feedwater heaters used, the condenser pres- 
sure would clearly be the one to which all the steam supplied 
the turbine would be expected to expand before leaving the 
turbine. With a regenerative feedwater heating system, all 
the heat delivered to the heaters is supposed to come from 
steam that has delivered some mechanical energy to the turbine 
blades before extraction, and thus an extremely high thermal 
efficiency is obtained from such steam because the bled steam 
rejects no energy to the condenser. The larger the proportion 
of throttle steam that may be extracted from the turbine for 
use in the heaters, the higher will be the thermal efficiency of a 
regenerative unit. On the other hand, when the leak-off from 
the sealing steam is delivered to heat the regenerative feed- 
water heaters, the amount of steam that may be bled from the 
turbine is thereby reduced and thus the advantages of the re- 
generative system are taken away from a certain amount of 
throttle steam that must now pass entirely through the turbine 
to the condenser. Since that part of the sealing steam that 
passes to the heaters delivers no work to the turbine blades, 
the result is not thermodynamically equivalent to that which 
would be obtained with the same feedwater temperature derived 
entirely from bled steam. Consequently the loss of available 
mechanical energy, due to the portion of the sealing steam 
that flows from the packing to the heaters, is calculated as if 
this steam had been throttled to condenser pressure. About 
10 per cent of the sealing steam leaked through the inner shaft 
packing to the first-stage shell, and for this portion the loss of 
available energy is simply that due to the throttling caused by 
passing through the regulator and the inner packing. 


Heater PERFORMANCE 


The three four-pass feedwater heaters which received steam 
bled from the turbine form part of the complete unit, and the 
data relating to the performance of these heaters, for runs 1 to 
8, inclusive are given in Table 6. Possibly the most interesting 
information obtainable from the table is that pertaining to the 
terminal temperature differences and the rates of heat transfer 
in the heaters. The terminal temperature difference of a feed- 
water heater is commonly taken as the temperature of saturated 
steam corresponding to the pressure of the steam entering the 
heater minus the temperature of the feedwater leaving the 
heater; and this difference is called the ‘“nominal’’ one in this 
table. ‘The enormous differences between the actual and “nomi- 
nal” values of the terminal temperature difference when highly 
superheated steam is used are clearly shown. 

The last column of Table 6 shows the “nominal” over-all 
coefficients of heat transfer for the three heaters for various 
conditions of operation. It should be noted that when highly 
superheated steam is bled to a heater having high water velocity, 
the “nominal” coefficient is surprisingly high, as, for example, 
in the ninth-stage heater in Run No. 1. In this case the steam 
entering the heater was superheated 374 F (717-343), and by the 
usual method of calculation, the logarithmic mean temperature 
difference is only 28.4 F, whereas the actual mean temperature 
difference would be much greater. No general method of cal- 
culating the real mean temperature difference where super- 
heated steam and latent heat are both involved has been 
developed, so far as the authors know, and thus the “nominal” 
values only are given. Regardless of what may appear from 
these “nominal” values, highly superheated steam probably does 
not increase the real coefficient of heat transfer, but does in- 
crease very much the difficulties of determining the actual mean 
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temperature difference and also the actual coeffi- 
cient. 
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Fururr PosstBivities AND PROBABILITINS 


After examining the test data obtained from an 
experimental machine, such as this 1000-F steam 
turbine, engineers naturally desire to interpret such 
results in terms of the future possibilities and proba- 
bilities. However, in attempting to predict how 
good a performance may be expected from a large 
turbine using steam at 1000 F and considering the 
probability of such a turbine being built in the im- 
mediate future, one must consider a number of fac- 
tors that are necessarily somewhat indeterminate 
at the present time. Thus one cannot be certain 
how successful future designers may be in reducing 
or eliminating the loss due to the leakage of steam 
past the high-pressure shaft packing; but with a 
large turbine, say 75,000 kw or more, the possi- 
bility of making the high-pressure cylinder of the 
double-flow type seems attractive, as such a scheme 
would eliminate this loss entirely. Furthermore, 
the elimination of the high-pressure packing glands 
would counteract the extra length of turbine shaft 
required by the double-flow type, and thus the dis- 
tance between the bearings of the high-pressure 
eylinder would not be materially different from 
that required in a single-flow type with long shaft- 
packing glands. 

The energy consumption rate of a very large tur- 
bine as determined by that of a relatively small 
one, such as a 10,000-kw machine, is also a matter 
about which there is certain to be a difference of 
opinion, because such comparisons are so often 
based on experimental data relating to turbines 
having many basic differences other than their 
sizes. The estimate made by the authors has 
already been given in the early part of the paper as 
about 9900 Btu per kwhr for 50,000-kw units when 
operating with steam at 1000 F, 390 lb per sq in. 
abs, and 1 in. Hg abs exhaust pressure. For a 
100,000-kw unit this rate might be brought down to 
9600 or better; and for 1200 lb per sq in., without 
reheating, one might expect close to 8600 Btu per 
kwhr. This would mean that the moisture in the 
last stage has reached or exceeded the allowable 
limit set by many turbine engineers, for it would 
be about 12 per cent. If reheating were employed 
with the high-pressure and 1000-F throttle steam, 
the energy consumption rate of the unit might then 
be brought down to about 8400 Btu per kwhr. 

The estimates previously given are further 
strengthened by the evidence furnished by several 
turbine builders in this country, who estimate that 
a 10,000-kw unit with three regenerative feed- 
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water heaters and designed for throttle steam at 700 F should 
have an energy consumption rate of about 10,860 Btu per kwhr, 
when the throttle pressure is 390 lb per sq in. abs and the exhaust 
pressure is 1 in. Hg abs. By referring to Figs. 6 or 7, it may be 
seen that such a result is nearly 6 per cent better than that ob- 
tained from the Detroit turbine when operated with steam at 
700 F. This difference is probably due in a large measure to the 
large shaft-packing leakage and possibly to a large interstage 
leakage. Consequently, if a 10,000-kw unit can be built for 
steam at 1000 F and operated without serious leakage, the slope 
of the curves in Figs. 6 and 7 show that such a unit would bave an 
energy consumption rate of about (1.00 — 0.07) X 10,860 
or 10,100 Btu per kwhr. Then for large units and high-pressure 
steam this rate may possibly be brought down to the figures 
previously given. 

The cost of materials suitable for use with steam at 1000 F 
will probably be materially reduced in the future, if one may 
judge from similar developments of various other metals. As the 
development progresses and the production is increased, the costs 
of these materials are almost certain to be greatly reduced. 
Then the progress in the use of high-temperature steam will 
probably be greatly accelerated. 


Discussion 


W. E. Catpwewu.? The performance and reliability of the 
unit appears to be good and undoubtedly very liberal clearances 
may have been employed for the sake of reliability. The high 
pressure shaft packing leakage of practically all machines and 
the attendant heat waste appears to be an unpreventable evil. 
This is further complicated in certain types of machines requiring 
balance pistons to compensate thrust. In the Detroit machine 
the cooling of the high pressure packing has been elaborately 
provided for but it appears that more shaft length has been de- 
voted to this feature than is warranted by the present state of 
the art. Perhaps it is the small size of the machine which makes 
the contrast so pronounced and possibly no greater shaft length 
would be required even for a much larger unit. Essentially, the 
major difference between this turbine and ordinary turbines is 
the shaft packing at the high temperature end and admission valve 
arrangement. The sectional view shown in Fig. 3 does not clearly 
indicate whether the sealing strips are steel inserts or rolled sec- 
tions, or whether they were machined from heavier material. 

It appears that separate sleeves carrying the packing strips are 
on the shaft and it would be interesting to know what considera- 
tions dictated the general design of the shaft packing. In other 
words, if shaft sleeves could be eliminated a slight reduction in 
packing diameter and consequent leakage would result. The 
Ljungstrom type of packing which consists of very thin strips 
secured into grooves in the shaft and casing is becoming increas- 
ingly popular and appears to have much to commend it where con- 
ditions will permit its use. 

It would appear that a hydraulic gland seal might have been 
more advantageous for the final atmospheric seal in permitting 
a reduction in length between bearing centers and for its more 
effective cooling. The supply of saturated steam adjacent to 
the gland of the first stage shell may have advantages even for 
consideration on conventional turbines, since it would simplify 
the usual means of disposing of high pressure packing leakage, 
and it would make available superheated steam for more im- 
portant use in the turbine. In one machine with which the 
writer has had experience, the substitution of saturated steam for 
superheated steam on gland seals, improved starting and operat- 
ing conditions materially by reducing temperature strains and dis- 

3 Research Engr., United Elec. Light & Power Co., New York, 
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tortion of the shaft and the gland box casing. It would be in- 
teresting to know the type of construction of the shaft and high 
pressure end of the machine, that is if the shaft is hollow and 
provided with ventilation opening, and are the disks separately 
attached or part of the shaft forging. 

In referring to Fig. 9, the efficiencies of the installation are given 
for 700 and 1000 F. Inasmuch as the turbine was designed for 
1000 F, its best performance should be expected under these 
conditions and it would be interesting to know how the curve 
would compare for two similar machines, one designed for 700 F 
and the other for 1000 F. In other words, how much of the 
difference between the two curves is represented by impaired 
blade performance due to reduction in velocity ratios and how 
much is due to increase in hydraulic losses from the low pressure 
unit? 

The method of measuring steam temperature is simple and 
practical and sufficiently accurate for work of this kind. The 
comparative tests shown graphically in the paper reveal such 
small differences that this method of temperature measurement 
should become increasingly popular. 

The bleeding of highly superheated steam for heating feed- 
water invites some speculation as to how far this practice might 
profitably be carried. It would be interesting if the authors 
could indicate the economic limit of temperature above which 
the steam is more efficiently used in the turbine than in the 
heater. 


A. G. Curistim.* The authors of this paper deserve the 
hearty commendations of all power engineers for their skill and 
energy in carrying out and analyzing the series of tests that form 
the subject of this paper. The problems involved in the deter- 
mination of the heat distribution called for a high degree of 
technical ability. Engineers have awaited the publication of 
test data on this 1000 deg. turbine with keen interest. 

Both thermal and engine efficiencies are high for this size 
of turbine. The authors point out that the maximum capacity 
of the unit, 10,000 kw, was not sufficient to produce the highest 
thermal efficiency. In view of the leakage of sealing steam of 4.4 
per cent and of the probable increased diaphragm leakages in 
the turbine due to increased clearances, one may infer that even 
better performance than shown by these tests could be secured 
if leakages were reduced to normal quantities. 

The influence of this high temperature on overall station per- 
formance may be estimated by assuming an average load of 
8000 kw, 6 per cent for auxiliaries, and 84 per cent boiler plant 
efficiency, which results in a station rate of 13,770 Btu per kwhr 
output. This is an exceptional performance for this size of plant. 

Little information has been published previously on radiation 
losses from bleeder lines, heaters, drain, and condensate lines. 
The figures given by the authors show that these losses vary 
among the different items of equipment but average about 5 
Btu per lb of steam bled at the three heaters. 

The high pressure packing on this unit seems unduly compli- 
cated as it involves the use of two qualities of steam in the tur- 
bine, the 1000 deg. steam at the throttle and a lower degree of 
superheat in the gland. Fig. 8 shows a slight improvement by 
using 700 deg. instead of saturated steam in the glands. One 
may therefore conclude that a simpler gland, designed to permit 
the steam at full superheat from the first stage to leak outward 
as in standard turbines and with the same leak-offs to stage 
heaters as on the present turbine, would result in a shorter, more 
rugged, and less complicated turbine. The bearing could be kept 
cool by a water gland through which condensate is circulated 
and which would prevent any steam from escaping into the 

«Prof. M.E., Johns Hopkins University, Baltimore, Md. Mem. 
A.S.M.E. 
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turbine room. From Fig. 8 one may conclude that this would 
show a slight improvement in efficiency over the present machine. 
Since a shorter shaft would permit lower clearances in the shaft 
packings and diaphragms, this design would lead to still further 
improvements in performance. 

The heat transfer rates with superheat in the bleeder heater 
deserve some comment. About ten years ago the writer was not 
allowed to install bleeder heaters without desuperheating the 
bled steam because the heater manufacturers would not guarantee 
performance with superheat in a heater. They claimed that the 
heat transfer rate with this hot dry steam would be very poor. 
This idea was exploded when tests by Sprague at Pittsburg 
were published. Since then there has been no hesitation about 
using superheat in bleeder heaters. The heat transfer rates in 
the Detroit tests indicate that heat flows at rapid rates even 
with the dry superheated steam. The authors’ predictions of 
future units are intriguing. Their suggestion of a double flow 
unit for the high pressure section has its possibilities but this 
would also lead to double flow low pressure units, resulting in a 
long unit. Possibly improved high pressure packing designs 
may eliminate the need of a double flow high pressure unit. 

They estimate a heat rate of 8600 Btu per kwhr for the turbine- 
generator unit of 100,000 kw with 1200 lb per sq in. abs steam 
pressure, 1000 F and no reheating. If one allows 6 per cent for 
auxiliaries and 86 per cent boiler efficiency, the station heat rate 
would be 10,600 Btu per kwhr which is an excellent performance. 
If one stage of steam reheat were used at the cross-over between 
high and low pressure cylinders, this would result in a station 
performance of 10,400 Btu per kwhr which, with 13,600 Btu 
per Ib coal, represents a coal consumption of only 0.766 lb per 
kwhr. This performance practically equals that of a Diesel 
engine and approaches the results published for the mercury- 
steam stations. Quite evidently high steam temperatures offer 
possibilities of still further improvements in steam station 
performance. 


M. K. Drewry.® This paper, and its companion® by P. W. 
Thompson and R. M. Van Duzer, contain a wealth of informa- 
tion for which many in the power industry are undoubtedly 
very grateful. Advancing into the 1000 F temperature field 
was certainly more difficult than was the elevating of steam 
pressure from 600 to 1200 lb per sq in. The Detroit company 
has aptly pioneered into a region requiring exercise of greater- 
than-ordinary skill. 


A. M. Greens, Jr.7 Those in the profession who are con- 
nected with power-plant machinery, as builders, operators, or 
teachers, owe a special debt of gratitude to the authors of this 
paper for the clear statement of the problem and for the original 
data which they have supplied. I feel that we are indebted also 
to The Detroit Edison Company for their willingness to enter 
into this new field of high temperature for the purpose of im- 
proving their own cost of production and at the same time giving 
to all of us quantitative knowledge of the value of these high 
temperatures. It takes broad vision of the future to authorize 
an expenditure of money for investigations into regions beyond 
which we have not gone in commercial practise, and I for one 
wish to express my appreciation of what the company and the 
authors have done for us all in extending their investigations. 

In looking over the energy balance of the turbine I note 
that 4.2 per cent of moisture was present in the exhaust in place 


5 Asst. Chief Engineer of Power Plants, Milwaukee Elec. Ry. & 
Light Co., Milwaukee, Wis. Mem. A.S.M.E. 

6 A.S.M.E. Trans., 1934, paper FSP-56-9. 

7 Dean, School of Engineering, Princeton University, Princeton, 
N. J. Mem. A.S.M.E. <a 


of 14.3 per cent on the isentropic line from the initial -point. 
Of course this difference is due to the so-called reheating factor 
which occurs in all of the stages of the turbine, and I drew upon 
the Mollier chart of Keenan the line passing through the various 
qualities and pressures given for the extraction steam in the 
various stages of the feedwater heaters. Since this steam is 
largely in the superheated region the curve of initial condition in 
two particular stages can be drawn from the data, and in this 
way the thermal efficiency of the various stages might be worked 
out. 

The curve as drawn is not continuous but has a reverse curva- 
ture near the point corresponding to the seventeenth stage. 
I think this is due to the fact that these conditions at the ninth 
and seventeenth stages are occasioned by mixtures of sealing steam 
and turbine steam; whereas, the conditions in the condenser and 
the heater using steam from the fourteenth stage are really 
steam-turbine conditions. The employment of so much sealing 
steam prevents one from determining from the data furnished 
in the paper the exact conditions within the turbine casing. 

The curves extending into the region of 1000 F steam, included 
in the paper, are of much interest and value to the teacher of 
heat engineering as they give actual plotted points and indicate 
the gains in efficiency or the reductions in energy consumption 
to be expected with increases in superheat. 


P. H. Harpin.’ The writer wishes to congratulate the authors 
on the presentation of such valuable experimental data. The 
Detroit Edison Company is noted for its pioneering work and 
this latest research into the region of high temperature steam is 
especially noteworthy. 

Ample discussion of the improvement obtained by increasing 
the steam temperature will undoubtedly be given by turbine 
and power plant designers. There are, however, many other 
points of interest in this paper. 

The computation of the engine efficiency of a regenerative 
unit based on an ideal unit having a finite number of heaters 
will probably be new to many engineers, although this method 
has been advocated by Professor Ellenwood for some time. This 
paper offers an excellent way of illustrating its usefulness, and 
should serve to encourage its use. 

The authors should be commended for using the more correct 
term “energy consumption rate’ instead of “heat consumption 
rate” or “heat rate.” 

No doubt the authors have a good reason for reporting effi- 
ciencies, energy consumption rates (Table 1) and loads to one 
one-hundredth of one per cent, and exhaust pressures to one one- 
thousandth of an inch. In view of the accuracy, however, with 
which the measurements were made this would seem to be a 
departure from accepted practise. 

It would be interesting to know why the heater condensate 
was computed instead of weighed, since to have weighed it 
would not have required extra weighing equipment or test 
personnel. This could have been accomplished by combining 
the heater condensate with the condenser condensate and the 
total weighed. Such a procedure would have required only a 
minor piping change, and would have given a steam consump- 
tion, exclusive of incidental drips and atmospheric leakage, with 
an error less than 0.2 per cent instead of +1 per cent as re- 
ported. This would have necessitated passing all the con- 
densate through the seventeenth-stage heater, but the correction 
for the change in the condensate circuit is very small and easily 
computed. This procedure was used successfully by the Brook- 
lyn Edison Company several years ago when first making ac- 
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ceptance tests on the regenerative eyele. For the tests on the 
last four units installed in the Hudson Avenue Station closed 
volumetric tanks were provided to measure the hot heater 
condensate. These tanks discharged into the same dump tank 
as the condenser condensate, where the two mixed before being 
} pumped through the low pressure heater. 

Very little is said in the paper about the measurement of the 
electrical output. Since this is one of the two most important 
measurements more elaboration on the electrical measurements 


_ would be interesting. Were panel board type meters or rotating 
4 standards used? 


Francis Hopexinson.? This paper is of interest because 
it describes the performance of a steam turbine operating com- 
mercially at the highest temperature yet recorded except for 
gas-driven superchargers in connection with internal-combustion 
engines. However, temperatures of this order or higher with 


~ extremes of reheating to approach an isothermal expansion were 


attempted with a steam turbine by Ferranti some thirty years 
ago. The attempt failed because suitable materials were not 
available. For example, Ferranti constructed his cylinder of 


) east iron. 


It must be recognized that the physical dimensions of the 
machine described by the authors are small, that difficulties 
because of temperature increase with the size of structure and 


\ I would question the wisdom of adopting 1000 F for 1800 rpm 


machines of 50,000-kw to 100,000-kw capacity, concerning 
which the authors make some prognostications. Furthermore, 
considerably better heat consumption rates are to be secured 
than the speculation of the authors for larger machines by 
means of lower total temperature, say 850 F, but by employing 
much higher pressure and reheating. It is not clear that any 
material increased capital cost need be incurred by such a 
method. 

Concerning the feedwater heaters, the authors remark that 
no general method of calculating performance, when both super- 
heated steam and its heat of evaporation are involved, has been 
accepted. In this they present a problem. Inasmuch as ex- 
traction feedwater heaters will be supplied as a rule in modern 
practise with superheated steam, a method of determining their 
actual performance is desired. 

In Table 6, the authors express a terminal temperature differ- 
ence for the whole heater based in one column on the temperature 
of saturation of the steam and in another on the actual tem- 
perature of the admitted superheated steam. They base the 
heat transfer rate on the saturation temperature of the steam 
when actually highly superheated steam is introduced into the 
heater. All three of these expressions seem meaningless. 

The designer of heaters for this service must regard them as 
comprising two separate elements, in which the functions are 
entirely different. In the first element, the steam is condensing 
and therefore remains at constant temperature; in the second 
element, the steam falls in temperature from that of the admitted 
superheated steam to that of saturation. 

At some point in the steam path, the steam becomes saturated, 
at which point it is reasonable to expect there would be a low 
terminal temperature difference, certainly not exceeding 10 EB; 
With knowledge of the quantity and temperature of ingoing 
feed and an assumption for the terminal difference at saturation 
of the steam, the lower-temperature portion of the heater may 
be proportioned and the quantity of extracted steam readily 
calculated. There then remains some further heating of feed 
due to the heat in the superheat of that quantity of steam, for 
which additional surface must be provided. 

9 Consulting Mechanical Engineer, Westinghouse Elec. & Mfg. 
Co., Philadelphia, Pa. Mem. A.S.M.E. 
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If a temperature difference of 10 F is assumed at the saturation 
point of the steam, it is found from Table 6 that the mean hyper- 
bolic logarithmic temperature difference for run No. 1 is as 
follows: 


In condensing the In absorbing the 


steam, F superheat, F 
9th-stage heater Bone 101.6 
14th-stage heater Some 80.1 
17th-stage heater 43.2 ay GA! 


The verification of the predictions of the designer and the 
true heat transfer rates cannot be calculated without knowledge 
of the temperature difference at the point where the steam be- 
comes saturated and the amount of heating surface above and 
below this point. 

In a given case, it might be possible to explore the steam 
space of the heater and determine, approximately at least, the 
point at which the steam becomes saturated, but it would be 
well nigh impossible to measure the feedwater temperature at 
this point. 

It would seem, therefore, that designers’ predictions as to 
respective mean temperature differences and heat transfer rates 
cannot be verified and that verification can only be made of 
quantity of feed and of extracted steam, and entering and leaving 
temperature, and that any tabulations of terminal temperature 
difference, mean temperature difference, and heat transfer rates 
following a test of this character are meaningless. 


H. E. Keetmr. After reading this paper, “The Thermal 
Performance of the Detroit Turbine Using Steam at 1000 Hew 
by W. A. Carter and F. O. Ellenwood, the writer is of the belief 
that the first and most important part of any discussion will be 
to congratulate the authors most heartily on the very excellent 
character of their paper. 

It is rather reassuring to know that the conclusions drawn 
are based on so many tests and that they are so consistent among 
themselves. Also the fact that the entire unit had seen a good 
many hours service previous to and during the long period of 
testing is a point of much importance. The hazard of publishing 
premature and incomplete data has been entirely avoided here. 

It is evident that, apart from the main problem of converting 
as much of the available energy in the steam into electrical energy 
as is possible, a vast amount of data is available on the behavior of 
metals under continued high temperatures and fairly high pres- 
sures; also that a great amount of data is available on heat- 
transfer under conditions of steam temperature which, at the 
present time, are rather unusual. Creep-stress and the growth 
of metals have been carefully studied and, as a result, there is 
undoubtedly available a wealth of valuable data. 

The test results are particularly timely right now because 
they can be studied simultaneously with the latest economy 
achievements of the mercury-steam cycle. 

Past history shows that most developments at some time will 
show a sudden and distinct advance in some particular direction 
and every one will then focus his attention along the same general 
line of endeavor, whereas it would have been much better 
had there been many independent lines of attack progressing 
simultaneously. 

With the fact staring the power engineer in the face that he 
is now much nearer the “end of the trail,” with respect to con- 
version of heat into electrical energy, than he has ever been before 
and that he is now awaiting further metallurgical developments 
to permit him to use higher and higher pressures and tempera- 
tures it makes us all turn attention more than ever to the possi- 
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bilities of converting the potential chemical energy of a fuel 
more efficiently and directly into electrical energy. 

Is it not time to consistently devote time and effort to a search 
for more efficient energy conversion methods on a scale at least 
moderately comparable to the present expenditure of both of 
these along the lines of improvement of the existing and possible 
power-plant cycles? 

At present our only fairly efficient, large-scale method of 
converting the potential chemical energy of a fuel into electrical 
energy is by the following route: 


1 Convert the chemical potential energy of a fuel into heat 
by the process of combustion 

2 Transfer this heat to a suitable elastic working substance 
which can undergo a pressure-volume change 

3 Allow this elastic working substance to undergo a pres- 
sure-volume change in a heat-utilizer and produce me- 
chanical work such as the rotation of a shaft 

4 Convert this mechanical work available from a rotating 
shaft into electrical energy by driving an electric 
generator. 


In scanning these items it is seen that if the pressure feature 
of Item 3 could be eliminated, we could go with available ma- 
terials to very much higher temperatures than we do at present. 

In view of all this would it not be desirable to focus the atten- 
tion of mechanical and chemical engineers, chemists, and physi- 
cists to a much greater degree, on the specific problem of finding 
a new method for the conversion of the potential chemical energy 
of a fuel into electrical energy, than has been done to date and 
to provide funds for supporting this line of research on a scale 
comparable to the development of existing steam and mercury- 
steam cycles? 

Reference to Item 2 brings attention to the steam-generating 
equipment which we must recognize as a very efficient assemblage 
of heat-transfer apparatus but unfortunately a great destroyer 
of available energy. This element also could be conceivably 
eliminated by more direct and efficient energy conversion 
methods. 


W.S. Monroz.!! This paper is very interesting as it repre- 
sents the only test data obtained at such high steam tempera- 
tures, and the experience gained in the operation of this unit 
will be of great value for future design of larger units to operate 
at these high steam temperatures. 

Before discussing the technical side of the paper, a few words 
about the nomenclature used may be in order. It is common 
practise among power plant engineers to speak about adiabatic 
expansion as representing the theoretical maximum energy 
which could be obtained, but when it is called “isentropic” 
expansion, the average engineer is just a little bit baffled and 
wonders if this means something different, and is happy after 
a while to find that it is just another name for his old friend 
“adiabatic expansion.” He is also familiar with the term “heat 
content of steam and feed water,” and hesitates for a moment 
when confronted with the term “enthalpy” until he finds that 
in this case it really means heat content. Finally, his old ac- 
quaintance ‘the heat rate’ has been called “energy consumption 
rate,” all of which causes a slight confusion for the practical 
engineer as he wonders about the necessity of these new words 
in this particular case. 

The most interesting part of the paper is that which deals 
with the method used for gland sealing as it was found necessary 
to use saturated steam for this purpose. We agree with the 
authors’ statement that in a larger turbine the amount of sealing 
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steam could be reduced considerably below the 6.5 per cent 
determined for this turbine in relation to throttle steam. 

It is stated in the paper that the thermal performance of 
turbines and turbo-generators may be expressed in thermal 
efficiency, heat rates, and engine efficiencies. Of these, the 
heat rate and overall thermal efficiency of the turbine and 
heaters are determined directly from the test data as it requires 
only the determination of total heat supplied to the turbine, 
minus credit for the heat returned in the condensate from the 
last heater, and the total kw load generated. These figures 
represent the overall performance of the turbo-generator with 
heaters, and can therefore not be used for direct comparison 
with any other machine, even if the pressure and temperature 
were the same, as the heater arrangement might differ. As 
stated in the paper, the engine efficiency is the only term which 
expresses the perfection of the engine (turbo-generator). 

The actual heat rate has been compared to a theoretical cycle 
which assumes no thermal difference in the heaters, no pressure 
drop in extraction piping and return of heater drains directly 
without cascading to the next heater, as in the actual installation. 
This method charges the turbo-generator with all of these losses, 
and the engine efficiency calculated on that basis is therefore 
not an indicator of the efficiency of the machine alone. A 
simpler way of doing this, and one which is commonly used, is 
to determine the theoretical work which could have been done 
by the turbine with the actual throttle flow and actual extraction 
quantities. This is obtained by multiplying the adiabatic 
heat drop between the throttle and the different extraction 
points by the amount of steam which flows through each section 
of the turbine. This method is more universal, as it also applies 
in cases where steam is extracted for other purposes than for 
feed heating. The engine efficiency is then obtained as the ratio 
between the actual kwhrs produced expressed in heat units 
divided by the theoretical work, which could have been done 
with adiabatic expansion, as explained above. 

Regardless of which of these methods is used for the determi- 
nation of engine efficiency, the effect of gland leakage on engine 
efficiency becomes a separate problem due to the fact that the 
gland steam is admitted separately and has a different heat, 
content than the throttle steam. In this particular case, (Run 
No. 1), it amounts to 6.5 per cent of the throttle steam, and is 
therefore of considerable importance. It would seem that the 
simplest way of including this steam in determining the engine 
efficiency would be to charge all of it. to the throttle steam; 
but instead of using the actual amount of sealing steam, use 
an equivalent amount corrected for the difference in heat content 
of the two steam supplies. For test Run No. 1, the factor 
1206 — 48 
1529 — 48 
0.78. On this basis the engine would be charged with 5444 
0.78 = 4250 lb per hr (sealing loss), added to the throttle flow. 
By deducting the amount of extraction at each bleed point, the 
theoretical flow through different sections of the turbine can be 
determined from this figure. If the actual blade efficiency of the 
turbine is desired, the gland steam would have to be divided 
into different parts, and each part considered in connection with 
the turbine section where it flows. The report does not give 
all extraction quantities separated from gland leaks, so we have 
not been able to compare the two metheds. 

In calculating the ideal cycle, the paper assumes that all 
sealing steam mixes with the throttle steam, and the performance 
given in Table 2 has been based on the mixture. This does not 
seem to be justified as the temperature of the mixture will be 
968 F, while the actual turbine was working on 1003 F. The 
adiabatic drop between throttle conditions and the condenser 
is 1529 — 951 = 578 Btu per lb (Run No. 1), while the adiabatic 


representing the difference in heat content would be 
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drop from the assumed mixture condition is 1509 — 945 = 564 
Btu. The actual turbine, therefore, was working on an adiabatic 
heat differential of 578 Btu, while the theoretical cycle used in 
determining engine efficiency has been based on 564, or a differ- 
ence of 2.4 per cent. This makes the efficiency of the ideal 
cycle, as shown in Table 2, lower than if based on the actual 
throttle temperature. The assumption of mixing the gland 
sealing steam with the throttle steam is questionable, particularly 
as only 1/19 of the sealing steam enters the turbine at this pressure. 

The difference mentioned above is slightly offset by basing 
the ideal cycle on heater performance without terminal difference 
and friction loss in extraction piping. 

Under the discussion of the test data it is mentioned that the 
engine efficiency at 1.8 in. Hg absolute condenser pressure is 
81.5 per cent, and with a condenser pressure of 1 in. it was 79.5 
per cent, or 2 per cent difference. This difference is attributed 
to velocity loss from the wheels in the low pressure region. We 
are inclined to think that this difference is more a difference in 
test figures as the paper shows later that the entire leaving loss 
is 2.5 Btu, or only 0.5 per cent of the adiabatic drop. 

It is stated that the test results of 10,730 Btu per kwhr is 
used as a basis of estimating the performance of a 100,000-kw 
turbine operating at 1200 lb per sq in. and 1000 F with reheat, 
and for which 8400 Btu per kwhr is indicated. This estimated 
figure is not really derived from the test figures—as shown in 
the paper which is calculated on basis of present day knowledge 
of turbine Rankine efficiency for larger machines and steam 
tables. The spread between heat rates at 390 Ib per sq in. 
and 1000 F, for a 10,000-kw turbine, and 1200 lb, 1000 F, for 
a 100,000-kw turbine, in the above case, approximates 22 per cent. 

We agree that the calculated figure of 8400 Btu per kwhr is sub- 
stantially correct. It may be of interest in this connection to 
mention that tests on a 105,000-kw turbine operating at 600 Ib 
per sq in. and 725 F throttle temperature and 750 F reheat, 
gave a heat rate of 9400 Btu per kwhr, which, when corrected to 
1200 lb per sq in. and 1000 F approximates 8200 Btu per kwhr, 
or 13 per cent correction from test basis. 

In closing this discussion of the thermal performance we 
want to emphasize the valuable contribution made in design, 
operation, and test of this turbine, as it points out some of the 
mechanical difficulties which have been encountered. The 
adoption of higher pressures and temperatures is not today 
retarded by lack of information as to expected efficiencies, but 
mainly by uncertainty as to mechanical complications, operat- 
ing trouble and outage of equipment, coupled with higher equip- 
ment cost. 


S. A. Moss.'2 The figure of 1000 F with which the authors 
of the paper have been working, of course, represents quite an 
achievement. However, turbines are being successfully operated 
at even higher temperatures. It is true that these turbines 
are very small, and that the development is very minor as com- 
pared with that which the authors describe. Nevertheless, 
this development does show what can be accomplished in the 
way of securing materials to withstand high temperatures and 
gives evidence that temperatures such as those used ‘by the 
authors will perhaps be commonplace in the coming years. 

The turbines alluded to are those used on superchargers for 
airplanes, and are driven by the airplane engine exhaust gases. 
These are in moderate use on airplanes, and have also been 
operated quite extensively during ground tests. The tempera- 
ture of the exhaust gases entering the turbine nozzles has been 
1400 to 1500 F. The turbine buckets are, of course, bright red. 
They are often operated without a casing, and present a very 

12 M.E., Thomson Research Lab., General Electric Co., W- Lynn, 
Mass. Mem. A.S.M.E. 
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interesting sight in a dimly lighted room. The wheels have a 
pitch diameter of about 9 in. and operate at speeds of from 
between 20,000 and 30,000 rpm. 

A number of alloys have been found suitable for use in these 
buckets. These alloys have not only to withstand stress at 
high temperature, but also to withstand the corrosive effect of 
Tetra-Ethyl Lead, so that they are more expensive than alloys 
suitable for the work of the authors. 

During research tests on this apparatus, a line of 8 in. pipe 
was used, about 30 ft long. This pipe was, of course, a glowing 
red throughout its length. The pressures which have been used 
are much lower than those used by the authors of the paper. 
However, with proper thickness of pipe material and with proper 
tensile strengths at the temperatures involved, pressure would 
not create an appreciable problem. The lengths of pipe were 
turned up at the ends to give a slight flange on which a metal 
to metal joint was made. Very heavy separate steel flanges, 
with a proper number of bolts, were used to keep the two pipe 
ends together according to the well known Van Stone system. 
Several different materials have been used for these pipes and 
all have been found suitable. 

No long-time tests have been made in any of this work to show 
the effects of creep. However, this work does give some idea 
of the many possibilities ahead of us in the use of high tem- 
peatures. 


F. H. Rosencrants.!314 First of all, the writer wishes to 
commend the Detroit Edison Company and its engineers for 
the tremendous stride which their efforts represent toward the 
attainment of simplicity of design, construction and operation 
in our future steam plants. The results thus far attained point 
the way to the development of plants operating on the simple 
straight-through cycle having an efficiency equal to and perhaps 
ultimately exceeding that now attained by the more complex 
and expensive high pressure reheat installations. 

The unostentatious manner in which they have undertaken 
the work and the absence of any mystery associated with it 
since the beginning, gives a dignity to the undertaking which 
inspires admiration for those responsible and a confidence in 
the results attained. 

The authors conclude from their experiments that though a 
1000 F plant is at the present time physically practical, it is not 
to be recommended at the moment on account of the high cost 
of the materials essential to its construction. Plants at the 
moment operating at 860 F are pretty well established in this 
country without the use of expensive materials. With the two 
limits, namely 860 F established by practise and 1000 F at the 
upper limit which is stated to be physically practical but not 
economically sound, the question arises as to what is imme- 
diately practical without running into excessive cost. Certainly 
it is something above 860 F. 

With modern facilities for flash welding together alloy tubes 
and steel tubes having widely different physical characteristics, 
superheaters may be constructed at moderate cost for an outlet 
steam temperature of considerably above 900 F. Furthermore, 
alloy steels suitable for superheater headers and piping at tem- 
peratures something above 900 F are available at moderate 
increases in price above steel tubing. Assuming that the turbine 
builders are willing to accept 900 F or perhaps a little more for 
large size units, there appears to be no obstacle at the present 


13 International Combustion Engrg. Co., New York, N. Y. Mem. 
A.S.M.E. : 

14 This discussion applies jointly to this paper and the companion 
paper, ‘“High Temperature Steam Experience at Detroit,” by P. W. 
Thompson and R. M. Van Duzer, Jr., A.S.M.E. Trans., 1934, 
paper FSP-56-9. 
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moment in the way of construction for at least 900 F at the 
turbine throttle. 

It appears to be the consensus of opinion, however, that 900 F 
to 1000 F is getting beyond the limit for satisfactory flange joints. 
Welded joints are an essential requirement. Considering the 
extensive use of welded joints at the new steam plant of the 
General Electric Company, at the new extension to the Kearny 
plant of the Public Service Electric and Gas Company, New 
Jersey, and the examples of electric welding referred to by the 
authors, it would seem that the art of electric welding as applied 
to piping promises to keep pace with requirements. 

A temperature of 900 F will permit an operating throttle 
pressure of around 800 lb per sq in. without running into exces- 
sive moisture at the turbine exhaust. Assuming 800 lb throttle 
pressure, the boiler design pressure would have to be approxi- 
mately 900 lb. The boiler drums for such a pressure, assuming 
70,000 Ib steel, may be made by the electric fusion welding proc- 
ess. Prior to the adoption of 70,000 lb steel, such a pressure, 
particularly in a bent tube type of boiler, would have required 
forged drums, at a considerable increase in cost above what is 
now possible. 

It appears that we are all set for the 900-F steam plant based on 
present-day developments. The rate and extent to which we 
may progress from this point continues to be a matter of ma- 
terials and cost of construction. 


AvutTHors’ CLOSURE 


The authors appreciate the commendation accorded by the 
discussers, because special effort has been made during all the 
work to secure reliable information and present it accurately, 
both as to data and form of expression. 

Mr. Caldwell mentions the possibility of securing better re- 
sults by means of a water seal on the low-pressure end of the tur- 
bine instead of using the steam seal; this point seems well taken, 
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as far as the authors are aware, and undoubtedly the hydraulic 
form of seal would be satisfactory. 

As the details of the high-pressure shaft packing are not shown 
clearly in Fig. 38, Mr. Caldwell’s misunderstanding of the con- 
struction is not surprising. Figs. 10 and 11 are introduced to 
show some details of the three sections of this packing. The 
packing rings consist of internally serrated segments fitted into 
T- or L-shaped grooves in the packing casings. A leaf spring 
holds each segment in position toward the shaft sleeve and against 
the shoulders of the groove. Although the use of the sleeves re- 
quires larger bores for the packing rings, and therefore increases 
the leakage, their use is desirable as they provide renewable sur- 
faces on the shaft that can be replaced if damaged by packing 
abrasion. The clearances between the packing rings and the 
sleeves varied from 0.007 to 0.009 in. when the measurements 
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were taken with the turbine at room temperature. These 
clearances were somewhat larger when the unit was at operating 
temperature. : 

It may be possible that some other type of packing might 
provide an adequate shaft seal for the high-pressure end of the 
unit at a lesser expenditure of sealing steam. 

The question raised by Mr. Caldwell regarding the economic 
limit of steam temperature above which bleeding should not 
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occur is an interesting one and involves so many factors that it 
cannot be treated appropriately in this discussion. 

Professor Christie’s suggestion of a short, less-complicated 
gland design, wherein high-temperature steam would leak out- 
ward from the first stage and the shaft would be cooled by a 
water seal, seems to be a satisfactory arrangement, providing 
severe stresses are not induced in the shaft or casing. 

Any curve drawn through points representing the steam con- 
dition in the extraction heaters is misleading and, as mentioned 
by Professor Greene, does not represent the true steam condition 
in the turbine casing, because high-pressure shaft packing leak- 
off steam enters the 9th- and 17th-stage extraction lines and af- 
fects the enthalpy of the steam mixture entering these heaters, 
thus producing such an incongruous curve. . A reasonable steam 
condition line has been obtained by plotting data taken at the 
turbine casing and shows no reverse curvature. 

It is especially gratifying to note that Mr. Hardie approves 
of the authors’ method of calculation of the engine efficiency of 
the regenerative unit and the use of the term “energy consump- 
tion” in place of the less-accurate one, “heat consumption,” 
when dealing with any kind of steam engine. 

The efficiencies, the energy consumption rates, and the loads 
were reported to one one-hundredth of one per cent as a result 
of using calculating machines in making the computations from 
the original data which were not rounded off. These results 
undoubtedly should be rounded off to the nearest one-tenth of 
a per cent when considering them as actual values, but should be 
used as reported when checking the calculations. 

The authors agree that it would have been better to have re- 
ported the exhaust pressures in one one-hundredths of an inch. 
The mercury column was capable of being read to one one-thou- 
sandth of an inch and the corrections applied for calibration error, 
temperature variations, and meniscus height were to the same 
fineness. But the uncertainty of the pressure at the mercury- 
column pipe connection at the turbine exhaust being representa- 
tive of the average exhaust pressure does not warrant reporting 


the exhaust pressure closer than one one-hundredth of an inch. 

It would have been much more convenient to have weighed 
the condensate from the heater-drains along with that from the 
condenser hotwell than to have calculated it from the energy 
_ balance of the heaters, as was actually done. Such a scheme was 
considered but was not adopted, as it would have required mak- 
ing a correction to the performance of the unit due to a greater 
amount of water flowing through the low-pressure heater and a 
greater amount of steam extracted by this heater than was con- 
templated when the performance of the unit was predicted. Al- 
though this correction would not be large, it seemed undesirable 
to introduce such a requirement. 

In answer to Mr. Hardie’s final question, it should be stated 

that the electrical output was measured by a combination of in- 
strument transformers and a switchboard-type kilowatthour 
meter which had a special register gear train that gave an un- 
usually low multiplier of 100. The instrument transformers 
were calibrated previous to the tests and the kilowatthour me- 
ter was checked against a rotating standard frequently during 
the tests. 
_ Mr. Hodgkinson points out that the difficulties of using high- 
’ temperature steam may be expected to increase when attempt- 
ing to build units of large capacity—say 100,000 kw; his opinion 
is undoubtedly based on extensive experience, and is therefore 
) of great value when considering the design of such units. Whether 
the thermal economy and capital costs of plants of the future 
will support the continued use of reheating systems or will be con- 
ducive to the development of materials suitable for steam of 
sufficiently high temperature to avoid reheating, is a big question 
that cannot be fully answered, probably by any one, at the pres- 
ent time. 

Mr. Hodgkinson’s comments regarding the feedwater heaters 
are largely approved by the authors. However, Table 6 con- 
tains information pertaining to actual terminal temperature dif- 
ferences, which is not “meaningless,” but of considerable im- 
portance when considering the use of highly superheated steam 
in feedwater heaters. In such cases the actual terminal tempera- 
ture difference is far greater than that obtained by the usual 
method of calculation. Furthermore, the values given in Table 
6 under the heading of ‘Nominal Overall Coefficient of Heat 
Transfer” may possibly prove to be of considerable value, be- 
cause they serve to call the attention of engineers to an unsolved 
problem in such cases. The word “nominal” is not fully ex- 
pressive of the conditions involved; but it serves, in lieu of a 
better one, as a sort of red flag to warn the engineer that heis 
here confronted with a difficult problem because the real mean 
temperature difference in such a heater is not easily obtained. 
”y The comments of Professor Keeler are very stimulating; but 
- the authors prefer not to offer, at least during the present de- 
pression, any suggestions as to how we may successfully convert 
the potential chemical energy of a fuel directly into electrical 
energy and thereby justify scrapping all our steam power plants. 

Mr. Monroe questions the “necessity” of using some of the 
nomenclature employed in the paper. Such matters are gen- 
erally decided on the basis of preference rather than necessity, 
and in the present case the authors used the terms that they con- 
sidered most suitable, because they believe that a greater degree 
of exactness is expressed by them. Thus, for example, the term 
“Gsentropic” is preferred to its equivalent, “reversible adia- 
batic,” because thedatter is too long and the word adiabatic by 
itself is incomplete. The word adiabatic alone simply means 
no heat transfer, and does not by itself convey any meaning as 
to whether the process is turbulent or not. Thus the expansion 
of a fluid through an insulated throttling device of any kind would 
be an adiabatic, but the large amount of turbulence produced 
would cause the entropy to increase; hence such an adiabatic 
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would not be an isentropic, or a constant-entropy process. On 
the other hand, the flow of steam through a nozzle, or any other 
device, would be an isentropic if the flow took place without any 
turbulence and without any heat transfer. 

The term “enthalpy” has been used rather frequently during 
the past few years by many authors in place of “heat content” 
or “total heat” because both of the latter terms are likely to con- 
vey a misconception due to a former use of the terms in a slightly 
different sense and also due to the basic significance of the words. 
As now used, the term “enthalpy,” “heat content,” or “total 
heat” of a fluid means the sum of its internal energy plus the 
product of its pressure and volume. The authors consider the 
term “enthalpy” far from perfect; but it certainly has the merit 
of creating no misconception and that much can never be said 
for “total heat” or “heat content.’’ Let us hope that we may 
eventually obtain for this important energy term a word that 
is more suitable than any of the three now in use. 

In the original paper the word “unit’’ is defined to include the 
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turbine, generator, and heaters; hence the method used to de- 
termine the engine efficiency of such a unit is believed by the 
authors to be the correct one. The method of determining the 
engine efficiency of the turbine-generator, as suggested by Mr. 
Monroe, is not without merit; but the losses of available energy 
that occur between the heaters and turbine cannot be separated 
into parts some of which are charged to the turbine and others 
to the heaters. The regenerative unit is a combination of tur- 
bine and heaters that are operated together and also tested to- 
gether; hence the authors believe that such a unit should be 
compared with a corresponding ideal, as defined in the paper. 
Furthermore, this method of testing such a unit requires only 
the additional measurement of the pressure at each of the bleed- 
ing points of the turbine, whereas the method suggested by Mr. 
Monroe requires the additional and troublesome measurement 
of the actual quantity of steam bled at each extraction point. 
Possibly the authors should have mentioned in the original 
paper that they considered very carefully three different methods 
of making the calculations of the ideal cycle corresponding to 
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this turbine, which has two different sources of steam supplied 
to it. The method chosen, however, is relatively simple and 
gives results that differ from a more complicated one by about 
0.5 per cent, a difference that is within the limits of error in the 
test deta. One should note that any true calculation of the ideal 
cycle corresponding to this turbine must consider the available 
energy from both sources of steam, that are far different both as 
to quality and quantity. Just because the ideal turbine has no 
leakage, one should not ignore the energy available from the 
actual amount of sealing steam supplied to the actual unit. 

For example, consider the state of the throttle steam supplied 
for Run No. 1, to be represented by a in Fig. 12, and that of the 
sealing steam by state b. Then, for this run having we =. 84,448 
and w; = 5444 lb per hr, the total available energy (ignoring all 
bleeding to simplify the example) becomes 


wa (ha — he) + we (hs — ha) 

we (1529 — 951) + ws (1206 — 800) 

84,448(578) + 5444(406) 

= 48,800,000 + 2,210,000 = 51,010,000 Btu per hr 


ll 


ll 


Hence the real available energy (neglecting bleeding) from the 
two amounts of steam used by the turbine, becomes 51,010,000 
+ (84,448 + 5444) = 567 Btu per lb. This result is only 0.5 
per cent greater than 564, which is the value of h; — hs, where 
subscript 1 represents the state of the mizture, as calculated in 
the paper. In other words, the throttle-mixture method used 
in the paper involves an error of only 0.5 per cent instead of 2.4 
per cent as given in Mr. Monroe’s discussion. He apparently 
failed to consider any of the low-temperature steam used for 
sealing in his calculation of the ideal cycle, and naturally he ob- 
tains a eycle efficiency that is too high for comparison with this 
turbine that is supplied with two kinds of steam. 
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Regarding the two per cent higher engine efficiency obtained 
when a condenser pressure of 1.8 in. Hg abs was used instead of 
1 in. Hg, the authors still believe, as stated in the original paper, 
that this difference is mainly due to the losses caused by the extra 
moisture and exit velocities resulting from the lower exhaust 
pressure. Naturally, a small part of the difference may be due 
to the test data, but additional check runs have confirmed the 
original figures. 

The comments of Dr. Moss regarding the use of gas-turbine 
buckets at a bright-red temperature are very interesting, and 
possibly indicate what may some day be attained with large 
steam turbines. 

Mr. Moultrop!® has mentioned a number of interesting points 
that must always be considered in connection with high-pressure 
and high-temperature steam. His extensive experience in such 
matters makes his comments especially significant. 

The authors note with much interest that Mr. Rosencrants 
believes the use of higher steam temperatures is rapidly becom- 
ing more feasible because suitable materials and good welded 
joints can now be made at a reasonable cost. 

The comments of Mr. Soderberg!® are valuable to power- 
plant engineers who may be considering the installation of equip- 
ment to use higher steam temperatures than those now commonly 
employed. While it is true that high pressures are conducive 
to carry-over of impurities from the boilers, the authors are 
hopeful that boiler design will advance to such a state that by 
the time the turbine designer produces a turbine using steam of 
1200 Ib per sq in. and 1000 F, the scale formation on turbine- 
blades due to carry-over will no longer be a problem. 


15 This discussion appears with the companion paper, “‘High- 
Temperature Steam Experience at Detroit,” by P. W. Thompson 
and R. M. Van Duzer, Jr., A.S.M.E. Trans., 1934, paper FSP-56-9. 
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High-Temperature Steam Experience 
at Detroit 


By P. W. THOMPSON! anv R. M. Van DUZER, JR.,? DETROIT, MICH. 


This paper is concerned with presenting the experience 
of The Detroit Edison Company with the various materials 
used in the construction of an 1100-F superheater and 
piping system in operation over 23,000 hr, for 21,169 of 
which the temperature was between 1000 and 1100 F; also 
a 10,000-kw, 1000-F turbine installation in operation 
11,231 hr, for 7832 of which the temperature was 1000 F. 
A description of both installations, the reasons for the 
choice of materials used, and an account of the operating 
experience are included. The thermal performance of 
the turbine is dealt with in an accompanying paper 
(A.S.M.E. Trans., 1934, FSP-56-8) by W. A. Carter and 
F. O. Ellenwood. 


XPERIENCE gained from equipment operating with 
EK steam temperatures as high as 1100 F in one of the power 

plants of The Detroit Edison Company, since the fore 
part of 1929, leads the authors to believe that the design of 
steam-generating plants using temperatures in the neighborhood 
of 1000 F is entirely feasible provided users are prepared to specify 
the high-priced materials that experience so far dictates. A 
small oil-fired superheater, delivering steam at 1100 F to a 
piping system has been in operation at the Trenton Channel 
plant since March, 1929. The information obtained in the opera- 
tion of this equipment served as a basis of design for the sepa- 
rately fired superheater, piping, and 10,000-kw turbine generator 
which was placed in operation with steam at 1000 F in the latter 
part of 1931 at Delray Power House No. 3. 

The principal trouble with the two installations has been en- 
countered at Trenton Channel and has been caused by the 
leakage at flanged pipe joints. The use of better bolting material 
and changes in flange design have materially improved conditions. 
Replacement of a cracked desuperheater casting was necessary 
in the Trenton Channel set-up and a new turbine throttle valve 


1 Chief Engineer of Power Plants, The Detroit Edison Company. 
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of improved design has been installed to correct recurring 
leakage at the bonnet flange at Delray. With these exceptions 
no troubles of a serious nature have been experienced. 

Examinations of the austenitic 18 per cent chrome, 8 per 
cent nickel alloy which was used in the construction of the 
Trenton Channel superheater and piping system, show that 
this material has deteriorated in service due, probably, to 
precipitation of chromium carbides along the grain boundaries. 
There is, however, no evidence thus far of inter-crystalline cor- 
rosion and no such serious reduction in physical properties such 
as would lead to rejection of this material for steam service in the 
range of temperatures from 1000 to 1100 F. Tests of other steels 
belonging to the low alloy class have disclosed no marked change 
in their properties. Since the time these two experiments were 
undertaken much more information concerning the behavior of 
alloy steels has become available. This, together with ad- 
vances in the art of manufacture, has made the selection of stable 
alloys for this class of equipment a simple matter for the designer. 

Operation with high-temperature steam has presented no 
problems of an unusual nature. The equipment, particularly the 
turbine, has been given close attention because of its experi- 
mental nature. The turbine at the present time, however, is 
receiving only the same care as other equipment in the Delray 
Power House. 

This paper is primarily concerned with a discussion of the 
reasons for the selection of the materials that were used, results of 
metallurgical examination, operating features, and troubles 
that have: been experienced and remedies applied. More de- 
tailed descriptions of the installations and design assumptions 
have already appeared in magazine articles (1), (2), (3), (4), (5), 
(6). Information regarding the thermal performance of the 
turbine has been presented in an accompanying paper (A.S.M.E. 
Trans., 1934, FSP-56-8) by Carter and Ellenwood. 


Purpose oF EXPERIMENT 


The choice of the unusually high temperatures for these experi- 
ments was made in order to determine what effects would be 
produced on alloys then available for power plant equipment. 
The experiments were undertaken as steps designed to eliminate 
one of the factors now limiting increase in efficiency of the simple 
regenerative turbine cycle by allowing initial pressures, higher 
than those now in use (1). 

It was decided to divide the experiment into two parts at 
the time a decision was made in 1927 to proceed with the design 
and installation of a 1000 F turbine. The first part consisted of a 
separately fired superheater and piping system designed to oper- 
ate at 1000 F and later with steam at 1100 F to give preliminary 
data regarding the effect of the high superheat on tubes, piping, 
pipe fittings, and particularly, pipe joints. The second step con- 
sisted of the installation of a 10,000-kw turbine-generator together 
with piping and superheating equipment designed for operation 
with steam at 1000 F. 

Information gained from the first installation at Trenton 
Channel proved invaluable in the design and selection of mate- 
rials especially for the piping system of the Delray apparatus. 


3 Numbers in parentheses refer to similar numbered items in the 
Bibliography given at the end of the paper. 
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No provisions were made in either group to utilize steam at a 
pressure higher than 400 lb per sq in. It was believed that the 
high temperature without adding the possible complication of 
high pressure would provide the information most desired. Con- 
sequently, in both experiments, steam at station pressure was 
utilized. 


DESCRIPTION OF EQUIPMENT 


The Trenton Channel equipment consists of an oil-fired super- 
heater supplied with steam at 400 lb per sq in. and 700 F from the 
station header. Approximately 65 ft of 5!/.in. O.D. %/s-in. wall 
tubing conducts the high-temperature steam to a desuperheater 
where the temperature is reduced before passing to one of the 


house-service turbines. The superheater is of the radiant type, 
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containing 153 sq ft of refractory covered heating surface, and is 
capable of adding 400 deg of superheat to 6000 Ib of steam per 
hour from an initial temperature of 700 F. The tubes which 
comprise the rear and side walls of the unit are covered with re- 
fractory blocks cemented to welded-on-lugs on the tubes to 
prevent direct exposure to the radiant heat. 

The high-temperature piping system included a valve, eight 
flanged pipe joints, and a desuperheater. The pipe ends were 
provided with Van Stone, Sarlun laps, the faces of which were 
provided with a serrated finish for obtaining experience with 
gasketed as well as seal-welded joints. All joints in the piping 
system as well as the superheater inlet and outlet joints were 
constructed in accordance with the 600-Ib American Standard for 
Steel Flanges. The original line has been somewhat changed by 
the additien of experimental joints of heavier construction. 

The Delray installation consists of an oil-fired superheater, 
interconnecting high-temperature piping, a 10,000-kw British 
Thomson-Houston turbine-generator, condensing equipment, 
and auxiliary pumps and heaters, together with the piping 
necessary to connect the turbine flow circuit into the existing 
plant systems (5), (6). An isometric view of the installation is 
shown in Fig.1. The equipment occupies a space provided for a 
future boiler and is compactly arranged. 


The superheater contains 3957 sq ft of surface arranged in 
three sections; a top convection section, a middle semi-convec- 
tion-radiant portion, and a lower radiant section which en- 
closes the combustion chamber on the two sides and bottom. 
The tubes in the lower section were provided with the same 
type of refractory covering as used in the Trenton Channel super- 
heater. The unit was designed to superheat 90,000 lb of steam 
per hr from 700 to 1100 F at a pressure of 455 Ib per sq in., al- 
though the ordinary operating pressure does not exceed 400 lb. 

The interconnecting pipe line (2), consists of the superheater 
outlet fittings, a 10-in. center-pressure type stop valve, two reduc- 
ing fittings, and 43 ft of 81/.in. O.D. °/sin. wall tubing. A 
power-operated safety valve was also added at the outlet. 
Several different types of joint construction are used in the twelve 
joints which are in the line. Five of these joints are made 
with full-strength butt welds and reinforced with bolted flanges; 
the remaining seven are bolted joints. The throttle valve joint 
is a modified tongue and groove, 1350-lb American Standard. 
The joint between the reducing ell and the tubing, is of the 
raised-face type in accordance with the 1350-lb American Standard. 
The tubing-reducer joint near the superheater is a modified 900-lb 
American Standard. ‘The joints on either side of the valve are 
made up with hairpin spring washers to provide flexibility inas- 
much as the valve flanges are made to the 600-lb American 
Standard. The sixth and seventh bolted joints are at the small 
tee where the safety valve is located, and are both in accord- 
ance with the 900-lb American Standard. 

The turbine is a two-cylinder, single-shaft, 3600-rpm, straight- 
impulse type unit containing nine stages in the high-pressure 
cylinder and eleven stages in the low-pressure portion. It was 
designed for steam at 365 lb per sq in. gage at 1000 F, exhausting 
to lin. Hg absolute. Steam is extracted at the ninth, fourteenth, 
and seventeenth stages for feedwater heating. Except for the 
double-casing construction, and the external supply of saturated 
steam which is supplied to the high-pressure shaft packing to cool 
the shaft and bearing, the general design of the turbine differs 
little from impulse turbines manufactured in this country. 
A cross-section of the turbine unit is shown in Fig. 2. The 
generator which is rated at 10,000 kw at 0.8 power factor and 
4800 volts is equipped with two direct-connected exciters and a 
closed ventilation system, and is of standard design. The con- 
densing equipment and auxiliaries are identical with those used 
for the 4000-kw de auxiliary turbine-generators in the power 
house. 


MATERIAL SELECTIONS 


At the time the Trenton Channel equipment was being de- 
signed in 1927, the austenitic 18 per cent chrome, 8 per cent 
nickel alloy was being offered as the ideal material for equip- 
ment operating at elevated temperatures. Various investiga- 
tors in this country and abroad had established its high physical 
properties and resistance to creep at temperatures in the range 
from 1000 to 1100 F. The principal objections to its use were 
the high cost and difficulties of fabricating in either the cast or 
wrought form. 

Inasmuch as this alloy possessed such desirable properties and 
was recommended by the builder of the superheater, it was 
selected for part of the radiant section of the superheater, 
the piping, and the valve and fittings. The superheater was 
fabricated with low-carbon steel tubing in the section where 
the steam temperature does not exceed 800 F while the remainder 
contained the so-called 18-8 tubing then known as Enduro $188 
and now designated as Nirosta KA2. The typical analysis of 
this steel as given by the maker was C 0.16 (maximum), Cr 
17-20, Ni 7-10, and Si 0.50 (minimum), all in per cent by weight. 
Subsequent analysis of a removed tube showed a carbon content 


of 0.05 per cent, which places this material in the low-carbon or 
KAQS class. 

This same material was selected for the high-temperature 
piping system because of its desirable properties and the fact 
that it could be obtained in a 5-in. pipe size. This 5!/2-in. O.D. 
\3/,-in. wall tubing was made by The Babcock & Wilcox Company 
to the same analysis as given above. Later determinations show 
a carbon variation from 0.06 to 0.09 per cent. The loose com- 
panion flanges, valve, and desuperheater castings were made 
from Rezistal 2C, a material similar to KA2 but having a maxi- 
{mum carbon content of 0.25 per cent and a silicon addition of 
2.0 to 2.5 per cent. The bolted joints were made up with Semi- 
nole Hard, a chrome-tungsten-vanadium steel, heat-treated to 
give a yield point in the neighborhood of 200,000 lb per sq in. 
This alloy was selected as the result of creep tests conducted at 
the University of Michigan on a similar steel. The typical com- 
_ position of this steel is given in Table 1. It possesses a resistance 
to creep of about 7000 lb per sq in. at 1000 F, based on an ex- 
tension of one per cent per 100,000 hr, and is fairly stable at 
‘the operating temperature. Various other bolting steels have 
not proved as satisfactory. Numerous gasket materials have 
|) been used, the most successful being plain 1/.-in. sheet monel. 

After the Trenton Channel equipment had been placed in 
service and before final decisions had been made regarding the 
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materials for the Delray superheater and piping, reports were 
received from various sources, including steel makers in England 
and users in the oil industry, of failures that had been experienced 
with the 18-8 alloy. These failures had occurred in parts sub- 
jected to corrosive mediums and were due to intercrystalline 
corrosion which was believed to have been the result of precipita- 
tion of chromium carbides at the grain boundaries. 

In view of these unfavorable reports, the performance of this 
material was carefully studied. A piece of the tubing from 
the Trenton Channel pipe line was removed and examined. 
Changes to the extent predicted were not found, as only slight 
carbide segregation and a 5 per cent loss in impact value at room 
temperature was in evidence. The physical properties after this 
period of service were so good that this alloy was used for the 
hotter sections of the Delray superheater and the piping between 
the superheater and the turbine. Care was taken to specify, 
where possible, the low-carbon KA2S material containing less 
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TABLE 1 PRINCIPAL PROPERTIES OF IMPORTANT ALLOYS 
USED IN TRENTON CHANNEL AND DELRAY INSTALLATIONS 
IN THE “AS RECEIVED” CONDITION 


Physical Properties 


Tensile Yield 
strength, point, Reduction 
Alloy lb per lb per Elongation, of area, 
No. sq in. sqin. %in2in. % Remarks 
1 85,000 25,000 40 40 Nirosta KA2 
2 91,600 ees 53 in 8 in. 59 KA28 
3 90,000 35,000 40 40 KA2B 
4 68,000 PP a 4 in 1%/s in. 8 Rezistal 2C 
5 137,000 118,000 25 in1in. 33 Used in turbine construction 
6 78,000 45,000 25 40 1/2% Mo 
7 140,000 122,000 16 50 46% Cr—1% W 
8 110,000 76,000 32 65 14% Cr 
9 ria aise ye ib Hecla ATV1 
10 67,000 40,000 31 45 Era 131 
11 225,000 210,000 11 33 Seminole Hard 
Chemical Analyses 
Alloy 
No. Cr Ni Mo Ww Mn Si PandS 
1 ae max, 1%.0- $- BE ae 50 0.25- 0.025 max 
20.0 10 0.75 
2 0.06 17.6 9.2 0.53 0.57 0.02 
3 {0:30 .0= 8.0- 0.65 2.0-— 0.025 
0.20 19.5 10.0 2.5 
4 0.23 17.5 9.0 We 259 1.6 0.03 
5 0.31 0.35 3.10 0.34 0.72 0.32 0.06 
6 0.25 a, Sieve 0.50 0.75 0.36 0.035 
7 0.39 5.20 ah AD 1.10 0.46 0.25 0.015 
8 0.25 14.28 0.28 2 0.52 0.34 0.015 
9 0.47 11.84 36.32 Ae 5 0.24 0.23 0.01 
10 0.17 0.24 ee 0.84 . 0.71 0.24 a5 
11¢ {0:50 1.20- ee 1.75-0,35 ce 0.05 
0.50 1.45 2.25 


Fig. 2. Cross-Ssction Turovuex 10,000-Kw, 1000-F TurBINE AT DELRAY 


than 0.07 per cent carbon, in order to minimize any carbide forma- 
tion. 

The low-carbon KA2S alloy was used in making the 85/s-in. 
O.D. 1/:-in. wall tubing and KA2B, which is KA2 plus 2-2.5 per 
cent Si, was used in the middle and lower portions of the super- 
heater. This latter composition was recommended by the builder 
as being approximately ten times as resistant to sulphur corrosion 
from fuel oil as either KA2 or KA,2S and was therefore given 
preference over the lower carbon alloy. 

Several different classes of so-called low alloy steels were 
installed in both installations in an attempt to learn as much 
as possible regarding the behavior of various alloys under the 
action of the high-temperature steam and at the same time find 
materials other than the expensive austenitic group. Aside 
from the saving in material cost involved in using these cheaper 
alloys, they were more readily fabricated into sound castings and 
tubing. This was illustrated by the delay and expense involved in 
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the drawing and fabrication of the Delray superheater tubes and 
the pouring of the outlet fittings. It was impossible for the 
maker to draw and bend tubes long enough for the lower section 
of the superheater from the KA2B material. This section was 
finally completed by flash welding shorter tubes together. It 
was also necessary to recast the outlet fittings before sound ones 
were obtained. 

Among these alloys that were placed in service were three 
castings made from 4-6 per cent Cr, 1 per cent W; one casting 
of 0.5 per cent Mo; a 5?/2-in. O.D. length of 4-6 per cent Cr, 1 
per cent W tubing; a valve body of Era 131, an English alloy 
(see Table 1); and medium- and high-carbon calorized steel; 
together with the nickel-chromium-molybdenum steel adopted 
by the turbine builder for all parts of the turbine subjected to 
high-temperature steam. 

The 4-6 per cent Cr, 1 per cent W alloy which was developed 
to withstand the high-temperature corrosive service in the oil 
industry offered possibilities due to its creep resistance of 1 per 
cent in 100,000 hr at a stress of 6000 lb per sq in., and its corrosion 
resistance properties. The 0.5 per cent Mo and Era 131 steels 
were recommended by English investigators as possessing good 
creep resistance properties. The nickel-chromium-molybdenum 
steel used for the turbine and throttle valve was selected as 
the result of investigations conducted by Thos. Firth and Sons, 
Ltd. at the request of The British Thomson-Houston Company, 
Ltd. 

Typical analyses of all of the steels that have been discussed 
are given in Table 1. 

Some idea of the creep resistance of these various materials 
ean be gained from the values of stress required to produce a 
1 per cent creep in 100,000 hr as given in Table 2. 


TABLE 2 CREEP PROPERTIES 


Tempera- 
Part Material ture Stress Investigator 

Tubing and castings KA2 1000 15,000 Norton 
Tubing KA2S 1000 12,500 White and Clark 
Tubing and castings 4-6 Cre kW 1000 6,350 White and Clark 
Casting ra 131 1100 5,200 White and Clark 
Bolts Seminole Hard 1000 7,000 White and Clark 
Casting Ni, Cr, Mo 1000 5,900 White and Clark 
0.5 Mo 1000 7,200 White and Clark 

Gastin 0.43 C 1100 1,500 Norton 

neue 0.42 C 1000 3,500 Norton 

0.20 C 1000 3,200 Norton 


A few tubes of medium- and high-carbon calorized steel were 
installed in the Trenton Channel superheater to determine the 
degree of protection secured with aluminum coating. After 
the first installation of this material, tubes of 0.35 C steel, coated 
with aluminum, were installed in the middle section of the Delray 
superheater, together with a like number of tubes coated with 
18-8 and 12-14 per cent Cr stainless steel applied with a Schoop 
metal spray gun. 

Bolts used for the joints in the cooler sections of the Delray 
superheater interconnecting piping were made from SAE 3140, 
while the remainder of the joints were made up with 18-8 bolting. 
Seminole Hard material was used for the joints in the piping 
system and metal gaskets were used for all the unwelded joints. 
Flanges for the welded joints in the pipe line were SAE 3240, a low- 
chrome-nickel steel. 

The selection of materials for the turbine was left entirely 
in the hands of the turbine builder. They, working with the 
Brown-Firth Laboratories, selected as the result of time-yield 
tests (7) the nickel-chromium-molybdenum alloy, the analysis 
of which is given in Table 1, for the turbine throttle valve, the 
high-pressure shaft packing casing, the inner and outer high- 
pressure cylinders, and the forged rotor. The time-yield test on 
this steel at 1000 F showed less than a 0.5 per cent extension 
during the first 24 hr,sat a stress of 5600 lb per sq in., and no 
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further extension during the next 24 hr. A maximum design 
stress of 5000 Ib per sq in. accordingly was used in the turbine 
design. The original interstage diaphragms were cast from the 
same material but due to the imperfect castings obtained, these 
were replaced with built-up diaphragms made from a 0.40 per 
cent carbon steel before operation with steam at 1000 F. The 
turbine nozzle partitions and wheel blading, with the exception 
of the first-stage buckets, were made from a 0.25 per cent C, 
14 per cent Cr, stainless steel. Hecla ATV1 containing 0.47 
per cent C, 11.8 per cent Cr, and 36.3 per cent Ni was used for 
the first-stage blading. All of the shaft packing was made from 
forged phosphor bronze except the three ring section near the 
first stage wheel which was stainless steel. The interstage pack- 
ing was later changed to a stainless steel at the time the original 
diaphragms were replaced. Nothing unusual in the way of ma- 
terials was used in the low-pressure element. 

With the exception of several parts, the careful attention 
that was given to the selection of the materials described, has 
resulted so far in trouble-free operation. The results of examina- 
tions which have been made and changes which were found neces- 
sary are discussed more in detail in the following sections of the 


paper. 
METALLURGICAL EXAMINATIONS 


Results of both physical and microscopic examinations made 
on various materials from the two installations have shown evi- 
dence of slight changes. In no case, however, have these changes, 
loss in strength, or tendency toward embrittlement, progressed 
to such an extent that any consideration has been given to re- 
placement of parts. It is entirely possible that the changes 
which have been observed will progress at a much slower rate 
than has occurred during the initial period of operation. 

Six different classes of alloy materials have been examined 
after varying lengths of service. These include wrought KA2 
and KA2S and east Rezistal; medium and high-carbon calorized 
steel; cast 4-6 per cent Cr, 1 per cent W; nitralloy; cast nickel- 
chromium-molybdenum used in the turbine; and Seminole Hard, 
together with several bolting materials. 

Three different sections of 18-8 material have been removed 
from the Trenton Channel installation. The first of these was a 
section of the 18-8, 5!/:-in., */s-in. wall tubing removed in 1930; 
the second was a similar piece removed in 1932; while the third 
section was a 2-in., }/,-in. wall superheater tube removed in May, 
1933. These parts were in service at various steam temperatures 
as shown in Table 3. 


TABLE 3 SERVICE PERIODS OF 18-8 ALLOY TUBING SAMPLES 


Part No. 1 2 3 
Date of removal 1930 1932 1933 
Steam temperature —— Hours in service 
Below 900 F 246 360 360 
900 F 916 1,471 1,471 
1000 F 1,732 3,254 4,068 
1050 F 337 438 438 
1100 F 3,177 10,012 15,159 
Total 6,408 15,535 21,496 


The physical properties of these specimens are given in Table 
4, Included, also, are the properties of the material in the 
“as received” condition which, unfortunately, were not obtained 
from specimens cropped from the identical tubes tested, prior 
to final fabrication. They were taken, however, from identical 
sections and are considered representative of the material before 
service. 

Microscopic examination of the samples show evidence of 
carbide segregation at the crystal boundaries. A typical photo- 
micrograph of each sample is shown in Fig. 3. These give 
some idea of the extent to which this segregation has taken 


place. Each successive sample has shown a widening of the 
grain boundaries, although in no sample thus far examined has 
there been evidence of inter-crystalline corrosion. 

In an attempt to express quantitatively the extent to which 
the deterioration has taken place, the method used by Aborn 


TABLE 4 PROPERTIES OF 18-8 ALLOY AFTER DIFFERENT 
SERVICE PERIODS 


Physical Properties 
Specimens 1 2 3 4¢ 


Tensile strength, lb persain. 95,100 91,6007 113,0005 91,6002 
Elongation, per cent....... 35 37 88.5 53 
Reduction of area, per cent. . 36 54 57 59 
Hardness, Brinell No. ...... 148 152 202 143 
Reduction in Izod impact 

value, per cent: 

At room temperature..... 5 17.5 68 0 
EEE OOO Sioaieie wiser pte ger eo 19 11 12 0 
Chemical Analyses 
(Cl ite 5 And Onin Bei Orci rons 0.06-0.07 0.09 0.05 0.05 
Ce Ei i oa en Be as 17.4 17.4 fs 
ENE pees netenasrone Sraraushokey Fe geareoverels 8.6 Ot eet 


2 21-in. pipe coupons, 8-in. gage length. 
b 1/,-in, A.S.T.M. standard tensile specimen, 43/ss-in. gage length. 
¢ ‘As received’’ condition. 


and Rutherford was followed (8). This method consists of 
measuring the change in electrical conductivity caused by boiling 


SpreciMEN 1 
Removed in 1930, after 6408 hr service. 
Murakami’s etch X 1800 


Fie. 3 


the specimen in a modified Strauss solution. Materials which 
are subject to inter-crystalline corrosion show a great increase in 
conductivity after being heated in the solution. The tubing 
samples were boiled for 48 hr, after which the first showed a 60 per 
cent increase in conductivity, the second showed a 260 per cent in- 
crease, while the third sample and the material in the ‘‘as received”’ 
condition showed no change. It is probable that the corrosion- 
resistant properties have been restored in accordance with test data 
presented by Bain, Aborn, and Rutherford (9). This rather favor 
able result, as compared with troubles encountered elsewhere, is 
due, no doubt, to the absence of an actively corrosive fluid and 
partly to the fact that the operating temperature is slightly below 
the range in which carbide segregation is most pronounced (1200 
to 1300 F). 

The physical properties would indicate that the material is 
slowly becoming embrittled as evidenced by the increase in 
hardness and drop in impact value. These changes, however, 
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SPECIMEN 2 
Removed in 1932, after 15,535 hr service. 
Murakami’s etch X 1800 
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have not been of sufficient magnitude to cause any concern. It 
is improbable that failure, should it occur, will ever take place 
without warning, as evidenced by the good corrosion resistant 
properties exhibited by the third sample. Development of 
special 18-8 alloys (9) to inhibit chromium-carbide segregation 
should make this material even more suitable for high-tempera- 
ture steam use. 

Examination of an unused flange, a valve body, and a de- 
superheater, all made from cast Rezistal, showed that these 
castings contained inclusions and blow holes. The valve was 
removed after 6899 hr of service, for 5937 of which the tempera- 


TABLE 5 PHYSICAL PROPERTIES OF REZISTAL 2C CASTINGS 
Valve Desuperheater Flange 
Tensile strength, lb per sq in. 67,400 21,800 68,300 
Elongation, per cent in 14/s in. 7 0 4 
Reduction of area, per cent 3 0 8 


Izod impact value, ft-lb 27 7 11 
Chromium, per cent by weight 18.7 15.9 17.5 
Nickel 10.8 7.2 9.0 
Silicon LP. 2. 1.25 1.6 
Carbon 0.22 0.23 0.23 


‘tures were between 1000 and 1100 F. The desuperheater was 
removed after 6408 hr of operation, for 5246 of which the tem- 
perature was above 1000 F, because of cracks caused by a 
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SpEcIMEN 3 
Removed in 1933, after 21,496 hr service. 
Murakami’s etch X 1800 


PHOTOMICROGRAPHS SHOWING CHROMIUM CARBIDE PRECIPITATION AT THE GRAIN BOUNDARIES OF 18-8 


combination of thermal stresses and the poor metal. No com- 
parison or conclusions regarding the suitability of this alloy can 
be made due to the evident unsatisfactory condition of these 
parts as received. The physical properties and chemical analyses 
are given in Table 5. 

Of the two installations of calorized carbon steel, the first at 
Trenton Channel has been cut up and examined. The second, 
which consists of five tube elements in the intermediate section 
of the Delray superheater has not been removed for examination. 

The Trenton Channel material, consisting of surface-treated 
0.13 C tubing, 0.25 C castings, and 0.40 C forged headers, com- 
prised a small superheating unit connected in series at the out- 
let of the original unit. The heating surface was composed of 
eight elements extended into the combustion chamber and 
directly exposed to flame impingement at their lower ends. 
This unit was removed after 3821 hr of service, for 3305 of which 
the temperature was above 1000 F, due to the excessive growth of 
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the forged return bends at the lower ends of the furnace tubes. 
These tubes were subjected to surface temperatures as high 
as 1600 F and to combined stresses, due to internal pressure 
and heat flow, as high as 3000 lb per sq in. Approximately 
10 per cent of the calorized coating on the furnace tubes had 
disappeared and the remaining 90 per cent was quite brittle. 
The inside of the tubes was coated with magnetic oxide 0.04 to 
0.08 in. in thickness, and measurements showed creep rates as 
high as 2 per cent per 1000 hr. The tubing and headers outside 
the setting were in good condition; measurements indicated no 
growth; the coating was apparently in a similar condition as 
when installed; there was little evidence of magnetic oxide 
formation; and, the physical properties had changed only 
slightly. 

The surface of the calorized and sprayed Delray tubes is ap- 
parently in good condition except in several spots where a coarse 
granular appearance indicates a brittle condition. The tubes now 
have become coated with a 1/j.-in. layer of slag which protects 
the coating from attack. The development now being made 
to produce a more ductile aluminum coating and its application 
to low alloys possessing good creep properties offers possibilities 
for the adoption of this class of material for high-temperature 
equipment. 

Information regarding 4-6 per cent Cr, 1 per cent W material 
received from several sources was to the effect that this steel 
had a tendency to embrittle when subjected to prolonged heat- 
ing at temperatures ranging from 1000 to 1100 F. Inasmuch 
as several parts made from this alloy were in service at Delray 
and Trenton Channel, a valve of this composition was removed 
from the outlet of the Trenton Channel superheater for examina- 
tion. The valve was of 600-Ib American Standard construction 

-and had been in service for a total of 12,995 hr, for 10,818 of 
which the temperature was 1100 F. 

The test results showed that apparently the material in the 
valve body did not undergo embrittlement and that the long 
service at the high temperatures tended to increase the tough- 
ness and ductility. This statement cannot be made more 
definite as none of the valve material, before being subjected 
to service, was available. Comparison was made between 
supposedly similar samples supplied by the same vendor. Little 
reliance can be placed on the results of the tensile tests from 
the valve body, shown in Table 6, due to the presence of inclu- 
sions throughout the casting which made it impossible to obtain a 
sound test specimen. 


TABLE 6 PHYSICAL PROPERTIES OF 4-6 PER CENT Cr, 1 PER 
CENT W VALVE BODY 


Material in 


“as received’ Material from 
condition valve body 

Tensile strength, lb per sq in. 139,800 94,2002 
Yield point, lb per sq in. 121,700 45,900 
Elongation in 2 in., per cent 16 if 
Reduction of area, per cent 50 18 
Izod impact value, ft-lb 

Room temperature 7 6 

1000 F 24 36 
Hardness, Brinell No. 278 200 


4 Contained small flaw, 5 per cent of cross-section. 


The increased impact strength at 1000 F, the decreased hard- 
ness, and reduced tensile strength of the valve material tend, 
however, to indicate an increase in toughness and ductility. The 
apparent change from martensitic to sorbitie microstructure 
is in agreement with the changes in physical properties. The 
valve material contained a somewhat greater amount of chro- 
mium and tungsten carbides than the material in the “as re- 
ceived” condition. In no sections of the valve casting examined 
were grain boundaries outlined with carbides. This fact, to- 
gether with the impact values obtained, indicates that noticeable 
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embrittlement did not occur. The condition of the metal and 
the original low impact value, however, were considered un- 
satisfactory. 

Experience with nitralloy would indicate that it is unsuitable 
for high-temperature valve trim. Continued service has re- 
sulted in scale formation and pitting of the surface of the trim 
of two valves installed in the Trenton Channel line. The 
trim in the first valve, removed after 6408 hr of service, for 5246 
of which the temperature was above 1000 F, had a non-uniform 
ease covered with a thin scale and had a maximum Vickers 
Brinell No. of 700. Examination of the nitralloy rings from the 
chromium-tungsten valve showed a condition of which Fig. 4 is 
typical. A coating of scale approximately 0.010 in. in thickness 


SCALE 
Fra. 4. Macrocrapu or Nirripep Snat Rine Arter 12,995 
Hr SERVICE 


Vickers Brinell 


Designation Depth of case, in. hardness No. , 


1 0.012 470 

2 0.028 560 

3 0.036 550 

Core Air. 200 
Etchant: 3 per cent nital—Magnification: 5X 


covered the contact faces of the rings. This does not show in the 
illustration. The surface hardness values had dropped from 1000 
Vickers Brinell No. to those shown under Fig. 4. These 
rings were fabricated in 1930 and had received a 24-hr treat- 
ment, six hours at 1000 F and the balance at 970 F. This ma- 
terial is supposedly stainless at steam temperatures in the 700 
F region, but examination of these samples would indicate 
that it cannot withstand the attack of dissociated steam at 
the higher temperatures. 

Results presented by Bailey and Roberts in a paper (10) before 
the Institution of Mechanical Engineers on the embrittling 
effect undergone by some nickel-molybdenum steels when sub- 
jected to stress at high temperatures, led to an investigation of 
the material used in the high-temperature section of the tur- 
bine. This material definitely fell within the range of nickel 
and molybdenum content which Bailey stated was susceptible 
to embrittlement. Material for the investigation was taken 
from the original ninth-stage cast diaphragm. This piece had 
been in service for 656 hr at temperatures not exceeding 250 
F and, therefore, was considered representative of the nickel- 
chromium-molybdenum turbine parts before service. 

The result of tests conducted similar to those by Bailey, 
except at 1000 F, indicated that the turbine material is not sub- 
ject to the sort of embrittlement that he encountered on wrought 
steels of nearly the same composition, stressed as high as 20,000 
Ib per sq in. at 842 F. The results of the impact values ob- 
tained on the notched !/,-in. round specimens in an Izod machine 
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are given in Table 7. All of the samples showed an increase in 
impact value rather than a decrease. 


TABLE 7 RESULTS OF EMBRITTLING TREATMENT ON CAST 
Ni-Cr-Mo TURBINE MATERIAL 


_ Change in 
Impact value impact value 


at room resulting from Impact value 
ae homer artes treatment, at 1000 F, 
Embrittling treatment -lb per cent ft-lb 
1 None 53 0 34 
2 Heated at 1000 F for 200 hr 59 +11 34 
3 Heated at 1000 F for 200 hr 
at 12,000 lb per sq in. 
notched prior to treatment 56 + 6 41 
Same as 3, except notched 
after treatment 60 +13 40 


Small specimens suitable for hardness readings and micro- 
scopic examination were removed from the turbine throttle 
valve after 3809 hr of service, for 1450 of which the temperature 
was 1000 F, and compared with the diaphragm material. The 
little difference found was not pronounced and may have been 
caused by difference in the heat treatment of the original castings. 

Various bolting materials have been tried with different de- 
grees of success. The material which has given the best re- 
sults is a properly heat treated A.S.S.T. No. 5 chisel steel, having 
the composition given for steel No. 1 in Table 8. This alloy 


TABLE 8 CHEMICAL ANALYSES OF BOLTING MATERIAL 


Steel Trade 

No. name Cc Cr Ni W Mn 
1 Seminole Hard 0.45-0.50 1.25 Bia 2.0 se 
2 Rezistal, 2C 0.05 19.5 9.9 a 0.70 
3 Supertemp 0.36 0.52 ty 0.94 0.90 
4 1722 0.45 1.40 ere 0.77 0.50 
5 D-1 0.08 DEL? se 0.97 0.25 
6 SAE 3140 0.35-0.45 0.45-0.75 1.0-1.5 Be 0.5-0.8 
7 ~~ Vibrac 0.48 1.28 2.59 0.62 


possesses good creep resistance properties and a high tensile value 
at room temperature. Bolts made from this steel are given an 
oil quench from 1650 F and drawn at about 1100 F to give a 
Brinell hardness No. of from 400 to 440. Threads are cut after 
heat treatment to prevent the formation of cooling cracks at the 
thread roots. ‘Trouble experienced with quenching cracks has 
been eliminated by removing the decarbonized mill surface, 
prior to heat treatment. This steel is not entirely stable after 
prolonged service as is evidenced by a drop in impact value, 
hardness, and tensile strength. The results of examination of 
four bolts, two of which were removed after 6408 hr of service, 
for 4278 of which the temperature was between 1000 and 1100 F, 
and two of which were removed after 10,575 hr, for 7832 of which 
the temperature was 1000 F, are shown in Table 9. Less joint 
maintenance has been experienced with this bolting due to its 
high elastic and plastic properties, notwithstanding its change in 
properties after service. 

Steel No. 2, although possessing good resistance to creep, was 


found to be subject to severe embrittlement and did not possess 


sufficient elastic strength to withstand the thermal stresses en- 
countered in the warming and cooling of a steam line. One 
set of bolts made from Steel No. 3 required tightening once 
during 10,893 hr of service and showed a drop in impact value 
of approximately 50 per cent. Steels 4, 5, and 6, in the condition 
used, have required frequent tightening to compensate for creep. 
Bolts made from steel No. 7 were supplied with the turbine. 
Their behavior has been satisfactory except in the throttle valve 
bonnet joint where the stresses were too high. It is believed 
that with the new valve now installed this condition has been 
corrected. 


Pieg-JOINT EXPERIENCE 


Troubles encountered with bolted pipe joints have been many 


2 
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and varied. In the authors’ opinion, it is doubtful whether, 
with present materials, bolted joints can be designed to give the 
same trouble-free operation at temperatures of 1000 to 1100 F 
that has been experienced with present designs at 700 to 750 F. 
From experience gained, however, with the original joints at 
Trenton Channel, it has been possible to construct two joints 
that have now been in service for over 16,000 hr at steam tem- 
peratures above 1000 F without attention. Full-strength welded 
joints appear to be the answer to the high-temperature jointing 
problem, although there is much to be learned regarding the 
behavior of weld metal under stress at high temperature and the 
weldability of desirable high-temperature alloys. 

It was rather fortunate, in one respect, that the original joints 
at Trenton Channel were not made heavier than the 600-lb 
American Standard as troubles were soon encountered which 
led to improvements in design. Some of the difficulties probably 
would not have been anticipated in the turbine installation at 
Delray had these joints been made more substantial. This 
original design led to the use of various joints which fall roughly 
into five classes. 

Two types of stress, aside from stress due to internal pres- 
sure and bending moment imposed by change in position of a 
line, appear to cause most of the difficulty in high-temperature 
bolted joints. These are thermal stress caused by the tem- 
perature differential between the inside 


P and outside of the joint and differences 

ond in coefficient of expansion of the joint 
Si Mo V_ max. materials, and creep stress caused by the 
“3 Os yaa plastic condition. In order to eliminate 
“: ... 0.03 the thermal stresses, so-called temperature 
71 Ne ax ‘ 
28 om SE compensated joints were tried. These con- 
“is 0159 ares sisted of joints using 18-8 bolts and having 


spacers between the flange and nut of a 
material similar to Invar. The bolt and spacer lengths were so 
selected that any tendency to pick up or lose load was compen- 
sated for by the difference in coefficient of expansion. These 
joints failed due to the rather high stresses selected and failure 
to consider the plastic phase at the operating temperature. 

TABLE 9 PHYSICAL PROPERTIES OF SEMINOLE HARD 
BOLTING MATERIAL 


Group in service Group in service 


408 hr 0,575 hr 
(4278 hr at 1000 to 1100 F) (7832 hr at 1000 F) 

Before After Before After 
Tensile strength, lb persqin. 214,000 213,000 225,000 163,000 
Yield point, lb per sq in. 204,000 202,000 SI0:000 a Fowc x 
Elongation in 2 in., per cent 11 12 Tt 14.4 
Reduction in area, per cent 36 37.5 33 42.5 
Hardness, Brinell No. 457 400 462 338 
Izod impact value, ft-lb ys = 12.5 8.5 


The second class of joints used were similar to the original 
joints with materially increased flange and bolt dimensions. 
Two 5-in. joints in the Trenton Channel line, made up with the 
bolt stress limited to 10,000 Ib per sq in., have been in service 
over 16,000 hr. These are Van Stone type with serrated facing, 
KA2 flanges, steel No. 1 bolting material, and !/;9-in. plain monel 
gaskets. The 900-lb flanges in one joint were increased to 3%/s-in. 
while the 1350-Ib flanges in the second joint were made 4!/;-in. 
in thickness. All the bolted joints in the Delray line, with the 
exception of those on either side of the superheater outlet valve, 
were made to either the 900- or the 1350-lb American Standard. 
Leaks which occurred in two 8-in., 1350-Ib joints after 6795 hr 
of service were due to plastic deformation of the gasket faces 
rather than to dishing of the flanges or creep of the bolts. 

Full-strength mechanically reinforced welded joints are in 
service in both installations. The mechanical reinforcement, 
consisting of collars over three Trenton Channel joints and 
backing up flanges on the Delray joints was added to prevent 
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pulling apart should the 18-8 weld metal ever disintegrate due 
to inter-crystalline corrosion at the fusion zone. Additional time 
is needed to determine definitely whether such precaution is 
or is not necessary in 18-8 welds. It would appear from ex- 
amination of the fusion zone of welding on the 18-8 tube removed 
from the Trenton Channel superheater, that the region affected 
by welding does not undergo any more rapid change than the 
parent metal, at least, when under no stress. This particular 
welding was used to fasten lugs to hold the tube protecting tiles. 
These joints have given no trouble. 

Another class of joint in service, embracing the Sargol and 
Sarlun, is seal-welded. The original Trenton Channel joints 
were provided with Sarlun-welding lips, two of which were 
welded after trouble was experienced maintaining a tight- 
gasketed joint. During 17,236 hr of service it has been neces- 
sary twice to repair cracks which developed in each joint as a 
result of bolt elongation. The modified Sargol-type joints, 
used in the interconnecting and outlet piping of the Delray 
superheater, where the steam temperature varies from 850 to 
1000 F, have given no trouble. 

The high stresses encountered in the Trenton Channel joints 
and a desire to obtain satisfactory joints for the 600-lb flanges 
of the valve at the superheater outlet led to the design of the 
hairpin-type spring joint. The first of these joints installed 
at Trenton Channel consisted of springs, of hairpin shape, 
placed between the flange and one nut on each bolt. The springs 
were designed to maintain a unit gasket pressure of ten times the 
steam service pressure during the warming and cooling of the 
joint by compensating for the unequal expansion between 
flanges and bolts. The bolts were stressed to approximately 
10,000 lb per sq in. and the outer end of the spring was stressed 
to about 17,000 Ib per sq in. The joint was remade after 1532 
hr service and has since remained tight for nearly 15,000 hr. 
The temperature at the highly stressed outer portion of the 
spring does not exceed 600 F with 1100 F steam in the line. 
The two Delray joints which were designed with a maximum 
spring stress of 62,000 lb per sq in. leak when being placed in 
service due to water accumulation. They tighten up, however, 
when this water is evaporated. This design is not recommended 
because of the spring weight and cost. Its use was desirable in 
our case to prevent overstressing the valve flanges which were 
ordered to the 600-lb American Standard before sufficient ex- 
perience was obtained at Trenton Channel with this standard. 


CREEP 


Troubles due to growth or creep of parts, with the exception 
of the difficulties encountered with the 600-lb pipe joints, have 
been confined almost wholly to the turbine throttle valve. Ex- 
cessive growth of the lower ends of the calorized superheater 
tubes at Trenton Channel caused their removal before failure 
oceurred. Creep of other parts has been measured but in no case 
where changes have been observed is the creep occurring at an 
alarming rate. 

The throttle-valve trouble has been caused by dishing of the 
bonnet-joint flanges, with the result that it has been impossible 
to maintain a tight joint. The body itself also has exhibited 
changes amounting to creep rates ashigh as 3.5 per cent per 100,000 
hr based on measurements made during the last 6083 hr of 
operation. This growth caused slight binding of the main disk 
on one occasion. 

Measurements of parts of the turbine, other than initial 
readings, have not been obtained except in the case of the valve 
chest where a special measuring device was provided by the 
makers to determine the overall change in length. The changes 
measured have been insignificant. The last reading obtained 
at this location showed a slight decrease which would indicate 
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warping. It is probable that excessive changes have not oc- 
curred in the turbine. The running characteristics have not 
changed and leaks have not been experienced at any of the 
bolted joints on the high-pressure cylinder. 

The periodic measurements that have been made of the 
tubes in the Delray superheater are of rather doubtful value. 
Two types of readings are being taken from stainless-steel measur- 
ing points; diameters with micrometers and length measure- 
ments with a special 20-in. micrometer trammel. The close 
erouping of the tubes has made it impossible to obtain diameters 
other than at the top of the middle section where tube tempera- 
tures are in the neighborhood of 900 to 925 F. Where the length 
readings were taken, sag of the tubes caused by the resistance 
offered to expansion by the cast walls of the setting caused erratic 
measurements of no value as far as creep information is concerned. 
Changes in diameter of three of the 0.30 to 0.40 C, 21/,-in. O.D., 
7/,s-in. wall, steel tubes and three KA2B, 2-in. O.D., 0.203-in. 
wall, alloy tubes observed during the last measuring period of 5005 
hr indicates that the steel tubes are growing at an average creep 
rate of 4.4 per cent per 100,000 hr while the alloy tubes are grow- 
ing at a corresponding rate of 5.3 per cent. The calculated de- 
sign stress for the steel tubes was 2000 lb per sq in. and for the 
alloy tubes, 4300 Ib per sq in. Measurements of the headers 
and fittings in the alloy sections have not been made since the 
equipment was placed in operation. 

Changes of importance have not been observed at the point of 
maximum design stress of 6200 Ib per sq in. in the 8-in. Delray 
pipe line or in any of the fittings in this system. Measurement 
o fa section of 5!/2-in. O.D. chrome-tungsten tubing in the Trenton 
Channel line showed no change after 7465 service hours. The 
measurements made on the original 18-8 Trenton Channel pip- 
ing have not been of sufficient accuracy to indicate the small 
changes that have probably occurred under the low design stress 
of 3200 Ib per sq in. Dishing of the bonnet flanges of the 600-Ib 
chrome-tungsten valve, removed from the Trenton Channel 
piping system after 12,995 hr, amounted to approximately 
0.014 in. on the body flange and 0.011 in. on the bonnet flange. 
The contact faces of the main body flanges dished 0.004 in. on 
one end and 0.007 in. on the other. 

It has been found in certain instances where diametrical 
measurements have been taken that it is desirable to take more 
than one dimension in the same plane. Part of the change which 
occurs may be due to relief of internal stresses not removed 
during fabrication causing the part to distort or to assume an 
out-of-roundness in no way connected with creep. This fact 
should be kept in mind as well in the measurement of parts sub- 
ject to bending stresses since changes may occur in the plane of 
the bending moment which are not shown because of improper 
location of the measuring points. Welded stainless-steel measur- 
ing points, have been used for all measurements to prevent scale 
formation from influencing the accuracy of subsequent readings. 

Observations have indicated that higher design stresses could 
have been selected for certain parts of both installations. The 
original design was based on a combined stress which would keep 
the creep rate of the order of one per cent in 100,000 hr. This 
was probably too conservative as in certain parts of the installa- 
tion, such as piping, creep tends to relieve high bending stresses, 
thereby dropping the combined working stresses. The so-called 
elastic stresses cannot, however, be entirely disregarded as it is 
necessary during start-up periods to consider the magnitude of 
forces set up at anchor points and at flanges. 


OprpRATING EXPERIENCE 


No unusual precautions have been found necessary in the 
operation of either the Trenton Channel or Delray installations. 
The turbine has received more than ordinary attention due pri- 
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marily to the experimental nature of the unit rather than from 
any hazard connected with the use of steam at 1000 F. Major 
troubles have not occurred with either the turbine or the super- 
heater. Experience with the Trenton Channel superheater 
and piping system has had to do more with pipe joint troubles 
already mentioned in some detail. The following remarks re- 
garding operation, therefore, are confined to the Delray ap- 
paratus. 

Operating a turbine with steam at 1000 F is little different 
from operating with lower superheat. The present starting 
cycle used in placing the installation in operation consists in 
starting with steam at 700 to 750 F and applying 30 per cent 
load to the turbine before the temperature is increased. The 
same procedure, in the reverse order, is followed in taking the 
unit out of service. It is believed that the use of higher-tempera- 
ture steam would tend to complicate the starting cycle be- 
cause of large temperature differences which would exist in 
the turbine. It is the authors’ opinion that units which in the 
future may be built for operation at 1000 F should be provided 
with either a low-temperature source of starting steam or a de- 
superheater in the turbine lead to prevent the occurrence of 
severe high thermal stresses during the starting period. 

A clearance indicator mounted at the front end of the high- 
pressure cylinder showing the movement of the rotor relative to 
the casing has been used as a guide in determining a safe rate 
for changing load or steam temperature. The forged rotor, a 


) smaller metal mass than the casing and in more intimate con- 


tact with the steam, is more responsive to temperature changes. 
Its movement is watched, therefore, to prevent going below a 
safe minimum axial clearance of 0.010 to 0.015 in. on the leading 
edge of the fifth wheel. No maximum rates of load or tem- 
perature change have been determined, but load has been ap- 
plied at the rate of 1000 kw per min from 30 per cent to full 
load without producing vibration or a clearance change exceed- 
ing 0.045 in. Normally load is changed at a rate of 1000 kw per 
3 to 4min and temperature is changed at a rate of 100 F per hr. 
This last rate is an arbitrary one and might be exceeded without 
difficulty. Attention should be given to this detail of running 
clearance in any turbine designed to operate at high temperature 
or under rapidly fluctuating load conditions. 

During the initial period of operation the steam temperature 
was increased in increments of 25 to 50 F above 900 F, allowing 
the unit to operate approximately one week at each temperature 
until 1000 F was reached. During this period of operation 
growth of the throttle-valve packing sleeve occurred causing 
the stem to bind. The original semi-steel bushing was replaced 
with one having a nitrided surface and no trouble has since 
been encountered. Similar bushings in the five control valves 
also were renewed with nitrided parts as a precaution. 

Recurring leakage of the throttle-valve bonnet joint led to 
the installation of a new and heavier valve casting. 

Upon examination of the high-pressure cylinder interstage 
packing after 3809 hr service, evidence was found of more than 
normal wear, presumably caused by the binding of the packing 
segments against the retaining pin which resulted in rubbing 
during starting. The outer high-pressure shaft packing which 
had been examined on previous occasions indicated a similar 
condition. Recent examination of the outer packing after being 
refitted and subjected to 7422 hr additional service still shows 
wear, but not to the extent previously found. All of the pack- 
ing is of the saw-taoth type made in rings of four segments each. 
The rings are loosely fitted into tee-slots and held in proper rela- 
tion to the shaft by flat leaf springs which allow the packing seg- 
ments to move outward in case of shaft deflection. 

Maintenance figures for the turbine are not in line with other 
turbines operating at lower temperatures because of the experi- 
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mental nature of the unit. It has been inspected at frequent 
intervals and has received more attention in general than nor- 
mally would be thought necessary. With the exception of the 
throttle valve and bushing replacements, no maintenance costs 
of an extraordinary nature chargeable to the high-temperature 
steam have been incurred. 

Expense contingent to the maintenance of the superheater has 
been principally for replacing the small tube-protecting tiles 
in the lower radiant section. The excellent results obtained 
with these tiles cemented to the straight tubes in the Trenton 
Channel unit led to their use for protection of the curved radiant 
tubes in the Delray superheater. Trouble developed at the 
start in maintaining these tiles in place because of insufficient 
clearance between the ends of the blocks and relative movement 
between adjacent tubes which tended to push them out of place. 
Insistence on the part of the manufacturer that operation should 
not be continued at outlet steam temperatures above 900 F 
when any radiant tubes were unprotected led to a change in the 
method of insulating the back of the tubes. Tie bars, holding the 
tubes in groups of twelve, were added to reduce the relative move- 
ment of adjacent tubes and the tile shape was altered slightly to 
provide greater clearance between tiles. These changes have 
materially improved the service continuity of the refractory 
lining. At the present time, should a tile drop out of place during 
operation, the temperature is not lowered and the tube is allowed 
to remain bare until the next shut-down. 


TABLE 10 SERVICE RECORD OF THE TRENTON CHANNEL 


AND DELRAY INSTALLATIONS 


Service Hours—Trenton Channel Installation 
Mar. 4, 1929, to Sept. 1, 1933 


Steam temperature Hours 

Below 900 F 360 

900 F 1,471 

1000 F 4,420 

1050 F 438 

1100 F 16,311 

Total hours in service 23,000 

Load Duration—Delray Installation 
Oct. 1, 1930, to Sept. 1, 1933 
Load, —— Hours in service === 

per cent 700 F 800 F 850 F 900 F 950 F 1000 F 
20 40 6 2 3 cies 3 
40 191 123 28 106 41 3,545 
60 327 170 60 438 377 1,959 
80 404 139 480 211 85 582 
100 62 38 19 37 12 1,743 


Hours in service at 1000 F—7,832 
Total hours in service— 123) 


Water collecting in the U-shaped tubes forming the furnace 
bottom has complicated the starting process somewhat. The 
procedure is to admit no steam to the superheater until after 
the fire has been started and temperatures of about 300 F are 
indicated on the tube thermocouples located at the bottom of 
three arbitrarily selected tubes. The power-operated relief 
valve at the outlet is then opened to provide a sufficient circula- 
tion of steam to carry out any remaining water. Conditions 
are then satisfactory for admitting steam to the turbine for 
starting. 

Up to September, 1933, the Trenton Channel installation has 
been operated for a total of 23,000 hr and the Delray equip- 
ment has been operated for 11,231 hr. The hours of operation 
at various temperatures are shown in detail in Table 10. 


ConciupIne CoMMENT 


In summing up the experience recorded to date with the two 
high-temperature installations, the information that has been 
gained on various types of construction and the results of metal- 
lurgical examinations would indicate that the use of steam 
equipment at temperatures as high as 1000 F is entirely feasible. 
It is safe to say that a plant could now be built to operate on 
steam at 1000 F and that reliable service could be expected. 
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Although the authors may have appeared to stress the short- 
comings and difficulties, it is not their intention to convey the 
idea that these are of a serious nature or in excess of the general 
run of troubles to be expected with any equipment of an entirely 
new and untried design. 

It is not the purpose of this paper to present the economics 
of such a choice of steam conditions. In the authors’ opinion it 
is doubtful whether such a selection could be justified if high- 
temperature resisting materials now available were used. Fur- 
ther metallurgical research may produce such materials at a 
much lower cost which will in the future give economic justifica- 
tion to the use of steam at 1000 F. 
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Discussion! 


Rocer Stuart Brown.’ Time, I am sure, will show that this 
forward step by the engineers and management of the Detroit 
Edison Company in building a steam plant for 200 degrees higher 
temperatures than heretofore in use is a milestone of progress. 
It required a great deal more courage to launch this project in 
1929 and 1931 than it would at present, because in the last two 
years there has been more development and investigation of high- 
temperature metals and their properties than in the last 2000 
years. Messrs. Thompson and Van Duzer deserve specific 
credit for the clear and fair way they have recorded the specifica- 
tions and the results of service of the various materials. Inas- 
much as they point out that the commercial success depends upon 
the availability of less expensive materials than those now in 
service, it may be of interest to outline the development of one 
of the less expensive materials tried. 

Calorized steel has been mentioned as tried out in a small 
way at both Trenton Channel and Delray. Calorizing is a 
process of alloying the surface of steel with aluminum. When 
exposed to an oxidizing atmosphere the aluminum oxide formed 
on the surface makes a gas tight film protecting the underlying 
steel from scaling. Due to dissociation of the steam with evolu- 
tion of nascent oxygen at high temperatures this prevention 
of oxidation has been found to be as necessary inside the tube as 


“See also ‘‘The Thermal Performance of the Detroit Turbine Using 
Steam at 1000 F,”’ by Carter and Ellenwood, A.S.M.E. Trans., 
1934, FSP-56-8, discussion by F. H. Rosencrants. 

5 Sales Engineer, The Calorizing Company, 
Assoc-Mem. A.S.M.E. 
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outside. Unfortunately up to the time of these installations it 
was found impossible to make this surface alloy anything but 
brittle. A start had been made in this direction at the time of the 
Delray installation. When applied to a tube subject to high 
enough internal pressure to cause creep at high temperatures 
the older calorizing surface alloy was cracked when the tube 
expanded by creep. This was particularly evident in the 
Trenton installation because contrary to our desires it was neces- 
sary to have the calorized tubing in an exposed radiant position, 
causing very much higher temperatures than the mild steel could 
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carry without excessive creep. In the later Delray installation 
the reduced tube wall temperature, because of the convection 
bank position, has caused much less creep and the calorizing 
that year was a little more ductile with the result that the surface 
is well preserved. 

At the present time, however, the difficulty has been remedied 
from two angles. The introduction of 0.50 or 1.00 per cent 
molybdenum carbon steel has made possible startling reduction 
in creep for a given stress. For instance, Dr. Clark of the Uni- 
versity of Michigan reports in a private communication that mild 
steel stressed to 2000 lb per sq in. at 1300 F will creep 5 per cent 
in the first 120 hr and thereafter at about 98 per cent per 1000 
hr. Under the same load and temperature a 1 per cent molyb- 
denum carbon steel after the first initial creep in 72 hours settles 
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down to a straight line creep at the rate of 0.1 per cent per 1000 
hr equivalent to 5 per cent in 50,000 hr compared to 5 per cent 
in 120 hr for mild steel. The same creep 0.1 per cent per 1000 hr 
under 2000 lb per sq in. is obtained on 0.50 per cent molybdenum 
steel at 1200 F. Yet the calorized 0.50 per cent molybdenum is 
only about 3 times the cost of plain mild steel. The 1 per cent 
molybdenum steel calorized will be about 3.5 times the cost of 
plain mild steel. This is about 1/; the price of the chrome-nickel 
stainless steel largely used in the Detroit installations. The 
above price ratios are based on calorizing straight 30-ft lengths. 
It is not so favorable when calorizing “loops.” 

For about 18 months there has been in production a calorizing 
treatment called “heavy duty,” producing a tough adherent 
alloy up to 0.030 in. thick on heavy wall tubes. This will not 
chip and when hot will stretch as far as any bulge a prudent 
operator would continue to allow in operation. This is in use in 
over 30 vapor-phase oil-cracking units delivering 1080-F vapor, 


and in others with oil at 700 to 1000 lb per sq in. and 1050 F. 


Bewmasmiae) [srl be 
hee Cee 


anes ag ta Se 
> Sa] ~ 

Beer ee rs 
700 Y) 4, Rag 
EPP etialte- ble 


Fic. 7 Creep CHARACTERISTICS OF CaLonizaD 0.50 Per Cent 
Mo.tyBDENUM STEEL 
(1000 to 1300 F, incl.) 


It has been used successfully also in radiant reheaters for steam 
at 850 F. The latest and largest cracking still in the world, 
with 32,000 barrels throughput daily, is provided at its hottest 
points with tubes 5!/,-in. O.D. X °/,-in. wall 42 flong of heavy- 
duty calorized 0.50 per cent molybdenum-carbon steel. This 
single furnace just referred to is built for a release of approxi- 
mately 340,000,000 Btu per hr. 

Heavy-duty calorizing has approximately the oxidation resis- 
tance of 18-8 KA2 and superior resistance to hydrogen sulphide 
at 1200 F. It has in addition a property which should be in- 
vestigated further, namely, erosion resistance. So far this has 
only been tested against mechanical erosion of turbo- and cutting- 
head tube-cleaners, which may be passed through a heavy-duty 
calorized tube 100. times at only 3 feet per minute with only a few 
thousandths of an inch wear. This should be tried for steam 
nozzles and perhaps for turbine blades—applied on molybdenum 
steel. 

Figs. 5, 6, and 7 show the creep characteristics of certain 
calorized steels. 
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H. DauustrrRanp.* Designers of high-temperature equipment 
heretofore have depended upon information obtained from 
laboratory experiments for the selection of suitable materials. 
In steam turbine design, with the maximum temperatures so far 
adopted, this method has proved quite satisfactory. However, 
if higher temperatures are to be adopted in future installations, 
experiments with actual installations of complete power plant 
equipment, like those conducted at Detroit, are most desirable 
as this method will prove whether higher temperatures will be 
both practical and economical. From the practical standpoint, 
therefore, this paper by Messrs. Thompson and Van Duzer on 
the results of this experiment are most valuable as real facts are 
made available to the designers. 

The paper explains in detail the characteristics of all materials 
exposed to high temperatures and their use in the various parts 
of the equipment. In addition to this information it would seem 
desirable that the working stresses in the various parts should be 
given in order to analyze completely the results of the experiment. 
The stresses are, of course, of variable magnitude in certain parts 
but it should be possible to give information based on maximum 
and minimum stresses which would still further illuminate the 
information given. 

It would not seem to be necessary to use a high grade and ex- 
pensive alloy steel for valve-body castings and other fittings. 
Ordinarily these parts can be designed for very low stresses and 
the use of a fully annealed material of a lower grade alloy steel 
undoubtedly would have proved satisfactory. It is realized 
that in the selection of material for this high temperature corro- 
sion must be taken into consideration but on parts not rubbing 
or sliding aginst each other the corrosion does not seem to pene- 
trate any appreciable depth. The first corrosive covering ap- 
parently acts as a protection as shown by experience with 
carbon-steel castings exposed to a temperature of 850 F for long 
periods without showing any signs of corrosion. 

The Hecla ATVI steel, a high nickel-chromium austenitic steel 
for blading, is from previous experience a suitable material for 
high temperature. A similar steel with 20 per cent nickel and 8 
per cent chrome (Cyclops No. 17 metal) has been used for blading, 
for both high temperatures and high stresses, because of its 
strength at high temperature, high-fatigue strength, and non- 
corrosive qualities. This steel has been used for a long period of 
time at a temperature of 850 F and undoubtedly will be suitable 
for still higher temperatures. 

The experience with the 18-8 alloy used in the tubes of super- 
heaters and in the piping is interesting. Previous experience 
with this alloy indicates that deterioration in the form of carbide 
segregations was experienced. This segregation would seem to 
depend to a large extent on the stress in the material when at 
high temperature. From experiment it has been found that some 
segregation will occur even at as low a temperature as 700 F. 
Judging by the lowering of the impact value reported in the paper 
it is possible that this segregation has proceeded farther than the 
micro-photograph indicates. 

Whether a more readily obtainable and, at the same time, satis- 
factory material could have been used for this tubing is difficult 
tosay. High grade carbon steel tubing used for steam piping up 
to 1200 Ib per sq in. and 850 F is satisfactory. For this same 
condition we have adopted a chrome-molybdenum steel for piping 
because it was necessary to design the piping so as to be as 
flexible as possible and with this chrome-molybdenum steel in- 
stead of carbon steel the thickness of the walls could be materially 
reduced. The analysis of this material is given in the following 
tabulation: 
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Crash hance 0.20 to 0.35 
GES ae a 0.60 to 0.80 
TUR ee Se ar 0.90 to 1.10 
INTO ® poetecuott~ Geeks 0.20 to 0.30 
PT Ahh SE ey Ore ax: 
Pee a ase nee dels 0.045 max. 
SEN ee caer ee 0.045 max. 


This material is not subject to carbide segregation, has a struc- 
ture that will remain stable and at the same time the required 
physical properties. It is less expensive and can be welded readily. 

Nitralloy steel is not non-corrosive and therefore the experience 
with this material as reported could be expected. For tempera- 
tures up to 850 F nitralloy seems to be entirely suitable for valve 
seats, valve stems, and bushings acting as guides. Apparently 
the surface maintains its hardness up to this temperature, which 
is a highly desirable quality for parts rubbing against each other. 
No corrosion at this temperature has been noticed. There are 
various methods used in the nitrating process and it has been 
found that the method used has certain influences on corrosion 
and if electrolytic action is present the corrosion will be further 
accelerated. For the high temperature used in the experiment 
a valve seat and valve made from some alloy steel, that would 
permit welding a light ring of stellite material for the seats and 
then grinding to the required shape, would undoubtedly have 
proved satisfactory. Materials used for high-temperature service 
should, where possible, be fully annealed as experience has shown 
that heat-treated material will gradually be annealed and, there- 
fore, a design based on the heat-treated characteristics may not be 
perfectly safe. 

Various materials have been tried for the bolts and the report 
indicates that Seminole Hard steel was the only material that 
was satisfactory. This material with its extreme hardness is 
difficult to machine and besides, as is evident from the report, 
the high stresses obtained before use dropped considerably after 
a certain length of service. It seems, therefore, that a more 
desirable material could have been selected; with a slightly 
lower creep characteristic, similar chemical analysis, and physical 
properties which would allow for ready manufacture. Such a 
material would be less liable to change its physical properties and 
its higher ductility would render it a safer material to use. We 
are now using a chrome-tungsten steel with the following analysis 
for certain bolting: 


Cute aes Sete 0.15 to 0.25 
Gr ere ere 4.50 to 6.50 
MN wea ac 0.40 to 0.60 
Werte oe eee 0.75 to 1.0 
Sve She eRe 0.50 max. 

Pare. osu SES 0.045 max. 
Sie ae oe ae 0.045 max. 


The physical properties of this steel are: 


Tensile strength, lb per sq in...........--- 125,000 min. 
Yield point, lb per sq im............-+-+-- 105,000 min. 
Elongation in 2 in., per cent..........---- 18 min. 
Reduction of area, per cent.........+--++ 45 min 
Brinelldhardness: Noms-ae eee els eases ZOD 


This material is being used for temperatures of 850 F and above. 
It would be interesting to find out definitely what maximum tem- 
perature with a certain stress this material will stand. SAE-3140 
bolt material has been found satisfactory up to 850 F and has 
been in use for several years without requiring any replacement. 

The authors conclude that, due to the expensive materials 
necessary, the economies of 1000 F are questionable. While 
this view may be correct from the standpoint of this experiment 
there are certain factors that should be thoroughly analyzed 
before any definite conclusion is made. 

First, materials now quite costly will be, if used to any ex- 
tent, greatly reduce in price. 


Second, certain expensive materials used in experiments may 
be replaced by less expensive material when full knowledge of 
their behavior at high temperature is available. 

Third, with only a very moderate lowering of the tempera- 
ture, say to 950 F, we may be able to use materials that are 
standardized and available at comparatively low cost. With a 
temperature of 950 F the construction of the complete power 
plant would be considerably less because of the elimination of the 
reheat equipment now considered necessary when using 1200 
lb per sq in. pressure and 850 F. 

The efficiency of the steam turbine and auxiliary apparatus 
enter into this analysis. There are certain considerations that 
will determine both the selection of proper materials and the 
efficiency. The design should be such that little or no distortion 
will take place in any of the structures and that the expansion 
will be uniform in all directions in order to maintain the correct 
relative positions of all parts. The successful solution of all the 
above factors will determine whether tbe high temperature power 
plant is economically sound from the standpoint of efficiency. 


M. D. Enatx.’ The Detroit Edison Co. has been the only 
one to pioneer in the field of higher steam temperatures suf- 
ficiently far in advance of common practise to permit a substantial 
increase in steam temperature in a short time. In the past, 
temperatures have been raised fifty degrees at a time, but the 
Detroit Edison Co. has lead the way to an increase of from two 
hundred to three hundred degrees in one jump. 

The principal advantage of the installation is not that it will 
immediately permit others to build stations using temperatures 
of around 1100 F but that it will permit others to proceed with 
900- to 1000-F steam temperatures with confidence and assurance 
that they are not undertaking something that will result in failure 
or insurmountable operating difficulties. 

The authors’ frank discussion of the difficulties encountered 
and the means taken for their correction is a substantial con- 
tribution to the art of steam power generation. 

It is to be hoped that the Detroit Edison Co. will continue 
operating these installations at temperatures around 1100 F 
because only commercial operation over a longer period of years 
will determine the life of such equipment and the maintenance to 
be expected. 

As mentioned by the authors, the fact that equipment designed 
for 1100 F operates satisfactorily, does not necessarily prove 
that such a design is economically justified. It does indicate, 
however, that steam temperatures higher than customarily em- 
ployed are probably justified. The one big difficulty is that the 
higher the temperature employed, the greater the need for 
steam-temperature control. If we are honest with ourselves we 
must admit that we have not satisfactorily solved the problem of 
controlling steam temperatures even in the more moderate ranges. 
We cannot satisfactorily control steam temperatures with varying 
load nor with varying cleanliness of the boiler and superheater 
surfaces. 

In using the word “satisfactorily,” the writer has in mind the 
broader sense. We can, of course, design and build for constant 
superheat, but the cost and operating complications of the de- 
signs developed make them far from satisfactory. 

‘As has been described, the Detroit Edison Co. used a separate, 
oil-fired superheater which was the best design for their purpose 
but it is far from satisfactory for most installations and is much 
too expensive. 

Undoubtedly the problem can be solved if the boiler and super- 
heater manufacturers will bestir themselves and forget some of 
their inhibitions. They can develop a design that will give the 
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advantages of a separately fired superheater and at nearly as low a 
cost and as simple as the unsatisfactory type of interdeck super- 
heater commonly employed. 

We have discussed this need for a superheater design that is 
really flexible in operation many times during the past decade. 
A superheater that will not maintain a constant temperature 
with varying load on the boiler and varying conditions of com- 
mercial cleanliness is just as absurd as a boiler which must allow 
the pressure to vary for these same reasons. 

The advantages to the manufacturer who develops a satis- 
factory superheater would seem obvious. A pioneer has now 
made the need for satisfactory designs so clear that it can no 
longer be ignored. The Detroit Edison Company has in reality 
issued a challenge and we all hope that it will be answered by 
economical superheater designs suitable for the purpose. 


V. F. Estcourt.’ The authors are to be congratulated on the 
comprehensive picture presented by their paper on a subject 
that is of paramount importance to the central-station industry. 

We realize that the question of flexibility of operation must 
necessarily be one of the last subjects to be investigated. We 
note, however, that reference is made to the fact that the normal 
rate of load change is 1000 kw per 8 to 4 min and that load has 
been applied at the rate of 1000 kw per min. In plants where 
standby operation is essential during certain seasons of the year, 
rates of load change in the neighborhood of 1000 kw per sec from 
10 per cent capacity to full load are not uncommon during inter- 
ruptions to hydroelectric service. Such rates of load change have 
been handled in plants operating at 750 F without any difficulty 
and we would like to ask the authors if their present experience 
with the 1000 F unit has indicated that there would be any in- 
herent reason why a turbine operating at this temperature could 
not be subjected to the same sort of load-change rates. Even in 
stations where standby operation is not a routine problem, there 
are occasions when the turbine is called upon to go through 
sudden load changes and it is to be hoped that further actual test 
data will be available in the future which will indicate just what 
the limitations are in this respect. Consideration should be given 
to both sudden increase and sudden loss of load. 


D. S. Jacopus.?!0 The Detroit Edison Company has pio- 
neered in many improvements in power plant construction, an 
instance being in the use of large boiler units in which develop- 
ment the writer cooperated in making tests which were reported" 
at the Annual Meeting of the A.S.M.E. in 1911. The present 
development in the use of superheated steam at temperatures 
higher than so far employed is another example of its enterprise. 

It is perhaps known to few that boilers installed at the Delray 
Station before I cooperated in making the tests of the large 
boilers located there, superheated the steam to such a high tem- 
perature when they were first started up that the station piping 
glowed in the dark. These were relatively small Stirling boilers 
with middle pass superheaters of a design no longer used. As the 
story was told to me, the builders of the boilers were asked to 
supply superheaters for giving the maximum amount of superheat 
obtainable, and those supplying the steam turbines were asked to 
design the turbines to handle the maximum amount of super- 
heat the boilers would give. Because of the extreme condition 
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which resulted the superheaters were promptly changed to bring 
down the superheat to a more reasonable figure. The instance 
is cited to show the progressive attitude of the Detroit Edison 
Company and its willingness to explore new fields. 


H. J. Kerr.!2 When engineers departed from 650 F steam 
temperature, and metal temperature of 800 F, they entered a 
field where trouble was to be expected through oxidation, creep, 
and instability of material. The ordinary methods of quick 
testing were no longer to be depended upon and, in their place, 
it was necessary to develop and substitute tests of long duration. 
Progress, therefore, has been both costly and slow. For this 
reason, more than any other perhaps, we owe to the authors and 
their company our appreciation for the paper which has been pre- 
sented, as it contains a wealth of information only to be obtained 
by long and costly tests. 

Four important questions affecting power generation with 
steam at 1000 F are considered: Operation, troubles, materials, 
and costs. 

Operation of a power plant of 1000 F is shown to require no 
special attenion in so far as the superheater is concerned and 
with the turbine, little more than some extra attention to con- 
trolling the speed of temperature changes. This may well be 
considered an accomplishment. 

The small troubles which have developed are those for which 
simple remedies were available. The superheater wall tube 
bricks gave some trouble in the beginning, due to more water 
and motion than expected. Simply stiffening the tubes, increas- 
ing the clearance for the bricks, and improving the method of 
handling the condensation water have practically eliminated these 
problems. 

Evidently wise decisions were made in the selection of mate- 
rials, and for this reason the paper merits careful study. I 
would like to emphasize certain facts in this connection. In 
the case of the Trenton Channel installation, the requirement 
was 1100 F outlet steam temperature. All tubes were exposed 
to the furnace and the high temperature was limited to these 
tubes and to the pipe line. In reading the paper, it is necessary 
to keep in mind not only the steam temperature, but also the 
actual metal temperatures at various locations in the system. 
Thus, the tubes at the high-temperature end were obviously at 
approximately 1200 F, whereas the piping operates at a tempera- 
ture not above 1100 F. 

For the tubes, the selection of KA2 steel seems to have been a 
wise one. While the metallurgical examination of this material 
after 21,000 hr shows some carbide precipitation, this has, ap- 
parently, reached an equilibrium condition and may be im- 
proved in further service. Many other cases of even longer 
life at higher stress and higher temperature have given con- 
firmatory evidence of the value of this material. It is doubtful 
if any superior material is available today for continuous service 
at 1200 F actual temperature, either from the standpoint of oxida- 
tion resistance or creep. Superior stability of the material has, 
however, been obtained by supplying a stabilizing heat-treatment, 
which has been developed in the laboratories of The Babcock and 
Wilcox Tube Company. Tubes now supplied for such service 
would be so heat treated that the amount of carbide precipita- 
tion which would take place in service would be of no moment. 

For the steam line itself, operating at a temperature of 1100 F, 
there might be some question of the selection of KA2 material as 
this temperature is approaching that where a cheaper material 
might be substituted. When both oxidation and creep are con- 
sidered, however, reasonable conservatism would certainly lead 
to the choice of this type of alloy steel. In addition to its 
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corrosion resistance and creep value, this material has the ad- 
vantage of being readily weldable by either the resistance method 
or electric arc methods, and without complicated subsequent heat 
treatment for these service conditions. 

As to the castings for such pipe lines, it should be noted that 
since this installation was made there has been much advance in 
this field, and the present-day tonnage of KA2 castings gives 
evidence of the fact that their manufacture is on a definite com- 
mercial scale. Castings of this material are now being made of 
sections which would be, to say the least, difficult with ordinary 
steel. 

In the case of the Delray superheater, certain conditions were 
fixed by the general conditions at the plant, such as: 


A pressure drop of the order of 20 Ib 

A draft loss not to exceed 1/s-in. water column 

Entering steam temperature of 700 F 

An efficiency requirement fixed by a temperature differen- 
tial between the entering steam and the leaving gas of 100 F. 


These conditions restricted the maximum velocity of the steam 
through the tubes and the rate of heat input permissible through- 
out the unit. As stated by the authors, the design was on the 
basis of a final steam temperature of 1100 F. 

This requirement of 1100 F final steam temperature, naturally, 
affected the choice of material. While the authors state that 
the unit was designed for this temperature, the paper refers 
throughout to 1000 F as the operating temperature at the turbine 
throttle, and in consequence the reader might possibly be led 
astray on this point. 

With 1100 F outlet steam temperature, tube temperatures of 
the order of 1200 F had to be faced. Therefore, the choice of 
tube material was, at that time and would be today, practically 
limited to material of the KA2 type. Corrosion from combustion 
gases of high-sulphur fuel apparently is not serious at this tem- 
perature and below, whereas above 1200 F the writer has found 
in experiments with mercury boiler tubes that intensive corrosion 
effects developed. 

In this connection, Table 2 in the paper is apt to be misleading. 
The table gives a list of materials and their creep values at 1000 F. 
I believe it would be clearer if this table were made up to show 
the creep values and oxidation resistance of the various steels at 
the temperatures at which they were to be operated, and at 
which they have actually operated during this service period. 

The next material to be decided upon was the superheater 
outlet headers and piping. Here again 1100 F conditions were 
to be met. Sufficient knowledge was not available on either 
oxidation in the presence of steam or the creep values of lower 
alloy steels to warrant the chance of failure of this experiment and 
KA2 material was decided upon. Facing the same problem to- 
day, notwithstanding the efforts which have been expended on 
new alloys, the decision would undoubtedly be the same for this 
temperature. 

While the installation has not been operated at the maximum 
temperature given, experience with this material in many installa- 
tions throughout the country, has shown that it has given satis- 
factory service for long periods of operation. Its one objection is 
cost. 

In the latter part of the paper reference is made to creep rates of 
coated carbon steel and KA2 tubes. Evidently, due to a typo- 
graphical error the KA2 tube size is given as 2!/,-in. instead of 
2-in. O.D. Aside from this, the statement made indicates that 
the creep rate of carbon steel at 2000 lb per sq in. stress and for 
KA2 steel at 4300 lb stress is approximately 5 per cent per 
100,000 hr at temperatures from 900 to 925 F. This is hard to 
understand, as plain carbon steel pressure vessels of considerable 
size are in operation over, long periods of time with stresses of 
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around 6000 Ib per sq in. and have shown practically no creep. 
Again, we examined lately a number of KA2 tubes of 4-in. diame- 
ter which have been in service in an oil still for 35,000 hr at tem- 
peratures between 1000 and 1100 F and a pressure stress of 
approximately 4800 lb per sq in., and no appreciable creep could 
be detected. Material from these tubes was tested by Professor 
F. H. Norton and within the limits of experimental error the 
same value of creep was obtained as for the new KA2 material. 

Dealing now with the concluding comment of the authors, this 
seems to be a depression statement. I do not know the efficiency 
possibilities of the cycle proposed but if this cycle shows a real 
gain, it would be well to consider carefully its commercial applica- 
tion today, having in mind that while this installation in all its 
details was being developed, metallurgists have been engaged in 
attempting to bring down the cost of accomplishing the results 
desired. Consider what would be required today, in the way of a 
superheater and piping to deliver 1000 F steam at the turbine 
throttle. Assuming a 25 F temperature loss in the steam line, 
which should be on the extreme side, we would need at the super- 
heater outlet a temperature of 1025 degrees. 

For the steam line we need a material which will withstand 
oxidation and have a reasonable creep resistance value at 1025 F. 
We need castings to withstand the same condition. Such 
material is available, not theoretically, but practically. Many 
tons of it have been furnished the oil industry and it has been in 
service at such temperatures for more than two years. I refer 
to 4-6 per cent chrome, 0.5 per cent molybdenum steel. With a 
temperature of 1000 F, a stress of approximately 7200 lb, the creep 
rate would be approximately 1 per cent in 100,000 hr. Its 
oxidation resistance at even higher temperatures has been found 
to be excellent in the oil industry. Its cost is reasonable. 

Next we have the problem of the superheater itself. The 
Babcock & Wilcox Company has manufactured superheaters, 
made entirely of plain carbon steel, to give a final steam tempera- 
ture of 850 F with a metal temperature of about 950 F and they 
are in successful operation. Therefore, to meet the condition of 
1025 F final steam temperature, we need only sufficient surface to 
add 175 F, or approximately 100 Btu, to the steam in order to 
accomplish the result. At the outlet end of the superheater it 
will be necessary to operate the tubes with a metal temperature 
up to 1125 F. Assuming that we need the expensive KA2 mate- 
rial for the final 100 F of the superheater, to impart 60 Btu, surely 
it is not a very serious cost item to face. This leaves a zone of 
from 950 to 1025 F metal temperature for which the same mate- 
rial could be used as for the pipe line, namely, 4-6 per cent 
chrome, 0.5 per cent molybdenum steel. Other materials of even 
a cheaper type might be used with less margin of safety. 


H. F. Moorn.!3 The paper by Messrs. Thompson and Van 
Duzer is an interesting and valuable study of the behavior of 
various heat-resisting alloys under certain high-temperature 
conditions in service. The writer of this discussion is not in a 
position to discuss the details of this paper critically, because he 
has not had experience with power plant operation. However, 
this paper, taken in connection with the various laboratory 
studies of creep of metals at high temperature that have been 
published before this society and elsewhere, does seem to the 
writer to present an excellent example of the place and significance 
of service tests and laboratory tests. 

When a new material, or a new process, is proposed there are 
frequently many who demand an immediate “full-size”’ test under 
service conditions. Such a test, if conducted at once, is usually 
very expensive, and can cover only a very few of the variables of 
service. Such a service test, undertaken before laboratory tests 
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and theoretical investigations, is very apt to yield very few 
significant results for the expenditure of time and money. 

If, on the other hand, small-scale laboratory tests and theoreti- 
cal investigations are undertaken first, it is usually possible to 
determine with a fair degree of accuracy what variables are 
most important and along what lines a service test can be made to 
show the best results. It is rarely that laboratory tests or 
theoretical investigations alone solve an engineering problem, 
but the supplementary service test or the record of service experi- 
ments can be made far more fruitful if laboratory tests have shown 
the most promising lines of investigation and the most promising 
test methods, than is the case if an elaborate and expensive service 
test is the first step toward solution of the problem. 

The writer believes that this method of laboratory tests 
followed by service tests, as soon as clear indications of significant 
factors are obtained, is finely illustrated by the course of investi- 
gation of the effect of high temperature on the strength of metals. 
The present paper is a useful supplement to laboratory tests for 
creep and of metallographic structure. Future tests, both full- 
size service tests and laboratory tests, can be made more effec- 
tively because of the correlated evidence of these tests of Thomp- 
son and Van Duzer and the laboratory tests which have been 
reported by others. This paper adds greatly to the sense of 
security with which the engineer can design high-temperature 
apparatus. Coming as it does after considerable laboratory 
study of the behavior of metals at high temperature very little 
energy was wasted in unprofitable lines of investigation. 


C. R. Sopmrsera.!*5 One of the most important avenues of 
approach to the problem of improving the efficiency of power 
generation is to raise the inlet temperature. The benefits that 
can be brought about by this step are so great and so generally 
appreciated as to require no further comments. At the same 
time, it is also the most difficult of attainment. The importance 
of the step taken by the Detroit Edison Company in exploring 
this possibility cannot be over-estimated, and they are to be 
commended for making the results available in the excellent form 
of the present papers. 

It would be unfair to criticise the present experiment at 
Detroit on the ground that the installation does not give re- 
markably high efficiency, because the original premises of the 
experiment did not include this requirement. There are certain 
points in this connection, however, which cannot be evaded if the 
results of the experiment are to be interpreted fairly. 

In the present instance, it would appear that a certain sacrifice 
in turbine efficiency has been made, in order to insure reliability. 
This is undoubtedly necessary, but the incentive of the higher 
temperature is lessened materially, if it must be accompanied by 
a marked reduction in turbine efficiency. 

The principal incentive for going to higher inlet temperatures 
is undoubtedly the possibility of raising the inlet pressure with- 
out the complication of reheat. The limit in pressure, for 
1000 F inlet temperature is about 1200 lb per sqin. The me- 
chanical difficulties of the undertaking would be greatly in- 
creased if the pressure were raised to this value, and it is not 
unreasonable to raise the question whether the outcome of the 
experiment might not have been changed had it been conducted 
at 1200 lb per sq in. 

There are at the present time in the United States a number of 
turbines of various capacities operating on an inlet temperature 
of 850 F. The pfincipal items of trouble are related to the 
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phenomenon of scale deposits on the blading due to impurities 
carried over by the steam. Turbine developments in the way 
of materials and processes have gradually made the conse- 
quences of such deposits less serious to the turbines, but the real 
seat of the trouble has not yet been removed. This problem must 
be solved by the boiler designers and there is no exaggeration 
in the statement that the progresses toward higher pressures 
depends entirely on the successful solution of this problem. It is 
of equal importance for the progress toward higher temperatures, 
because higher temperatures are of interest only as a means of 
utilizing the higher pressures more economically. Barring the 
scaling problem, however, the 850 F turbine may now be re- 
garded as entirely practical. 

Certain projects have been carried out in Europe, utilizing 
temperatures of 932 F (500 C) and 2000 lb per sq in. with one 
stage of reheating for turbine units of about 50,000 kw. The 
boilers in these installations are of the Léffler type and it appears 
that the scaling problem is not serious. Turbine troubles have 
been encountered, but these seem to have been overcome. This 
appears to come pretty close to the temperature of the Detroit 
project, but the step between 932 and 1000 F is in reality very 
large. 

In planning for the future, there is a question whether it would 
not be advisable to approach the maximum practical tempera- 
ture in small steps. It is entirely possible that 1000 F, when 
applied in conjunction with high pressures and large units, will 
be found too high. It is certain to give trouble if applied at 
present to large 1800 rpm units. 

Regardless of what the ultimate temperature will be, the 
Detroit experiment will remain a milestone of real importance, 
and the results given in these papers are certain to affect power 
plant development in a fundamental manner. 


A. E. Wutrs.!* This paper sets forth in an exceptionally clear 
manner the experience of The Detroit Edison Company with 
metals in high-temperature power-plant service. Until recently, 
practically all of the metals used in power plants were either 
wrought iron, wrought steel, cast iron, and cast plain carbon steel. 
Within recent years cast plain carbon steel has taken the place of 
cast iron and wrought steel has taken the place of wrought iron. 
Of course metals other than these have been used for various parts 
such as in valve trim and in other special places. Likewise, cast 
iron still finds a use in certain parts of units entering into boiler 
construction such as in grates, and in certain sections of stokers. 

Beyond question, there is no need to find special metals suit- 
able for high-temperature service when operating temperatures 
are held to 850 F. With temperatures much above 850 F, how- 
ever, ordinary plain carbon steels are not suitable as they do not 
possess sufficient strength over long periods of time. 

This condition was recognized at the time the 1100 F super- 
heater was built so that various types of alloy steels were used 
in its construction and in the piping system connected with it. 
The writer, who was in close touch with this installation, did 
not unduly fear trouble because of metal failure nor did he 
anticipate that there would be considerable difficulty in main- 
taining the flanged pipe joints free from leakage. This latter 
trouble was encountered but he is pleased to note that by changes 
in flange design and the use of better bolting material the leakages 
have been materially reduced. He feels, however, that the 
best way to eliminate this trouble would be by resorting to welded 
construction. 

At the time this construction was started there was a general 
feeling on the part of many persons that the only suitable material 


16 Professor, Metallurgical Engineering, Director, Department of 
Engineering Research, University of Michigan, Ann Arbor, Mich. 
Mem. A.S.M.E. 
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for high-temperature properties was material of the austenitic 
type. Many scientists held that all steels, even alloy steels, 
of the pearlitic type would show high-temperature properties not 
greatly dissimilar from those found in plain carbon steels. The 
writer was among the few who felt in those days that various types 
of low-alloyed steels would be found to have good high-tempera- 
ture properties. It is interesting to note in this paper that a 
number of low-alloyed steels were used and that in consequence & 
performance record with regard to them is available. These 
steels, of course, have an advantage over the austenitic type of 
steels in that their cost is considerably less. This is an important 
feature which must be given consideration in commercial in- 
stallations. 

It is not contended either by the writer or, I am sure, by the 
authors of this paper that all of the available low-alloyed steels 
have been tried. In fact, it is questionable if many of them have 
even yet been developed. The act is now in that stage in which 
literally hundreds of low-alloyed steels are receiving consideration 
and it will only be after several years of experiment that we can 
expect to arrive at the few most suitable compositions. What 
the power plants will pass through in the next few years in this 
respect is analogous to what the automobile manufacturers passed 
through a few years ago in the matter of the selection of proper 
materials for the various parts inan automobile. The selection of 
suitable materials is by no means a simple matter, for wherein 
one material has decided advantages in one way, another material 
has advantages in another. For instance, the experience with 
the use of KA2B isa casein point. This is an alloy of the austen- 
itie type with between 2 and 2.5 per cent silicon which was added 
ostensibly to increase resistance to oxidation. The addition of 
this larger amount of silicon made the alloy extremely difficult to 
fabricate into long tubes. The result was that only short sections 
for the most part were available and the desired length had to be 
secured by welding. 

Attention is directed to the reduction of the Izod impact value 
on some samples of 18-8 alloy after different service periods. It 
is interesting to note that the drop in impact is not as great at 
1000 F as it was when the tests were made at room temperature. 
This is a matter worthy of receiving our consideration because 
without an appreciation of this fact, we may be apt to condemn a 
material as being too brittle on the basis of tests at room tempera- 
ture when it has undergone little change in brittleness at the 
operating temperature. It is hoped that the authors are correct 
in assuming any failure that may take place in an 18-8 alloy will 
not occur without warning. We have too little operating experi- 
ence, as yet, to make any definite statement with respect to this 
matter. We do know that failures of 18-8 have taken place in oil 
refineries without warning. Of course, the conditions may be 
different as the operating temperatures are higher and as other 
conditions of operation are different. 

Castings have been, and still are, potential sources of trouble 
in pipe line installations. The metal is not always, if ever, as 
sound as wrought material, and in no case has it had the benefit 
of mechanical work. Whether or not one of these conditions 
accounted for the low impact values in the desuperheater metal 
and in the flange metal given in Table 5 is a question. It is 
presumed that such was the case. Also it is reasonable to suppose 
that the low tensile strength in the desuperheater metal was due to 
unsoundness. 

For a number of parts it is highly desirable to have a surface 
which will resist oxidation. Calorizing has possibilities in this 
connection and it is interesting to note that we may look for a 
more ductile aluminum coating. 

The paper is most interesting in that it shows quite clearly 
that nitrided surfaces in the presence of superheated steam 
undergo a deterioration, We all regret the necessity of making 
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this observation because we would all like to see good perform- 
ance from nitrided surfaces. 

The data with regard to the bolt stock is most interesting. 
It is quite conclusive that tungsten is more valuable than chro- 
mium especially at the temperatures in question in maintaining 
proper high-temperature strength. This is true at 1100 F, al- 
though it is felt that at temperatures of 1000 F the lower tungsten 
alloy would be found quite suitable. 

In conclusion, the writer wishes to compliment the authors 
on the very full analysis which has been made of the various 
metals used in this installation. Though considerable judgment 
ean be formed with regard to the service which may be expected 
from various metals as a result of a knowledge resulting from 
physical tests, it is only through the acid test of experience that 
the feasibility of various metals and alloys for high-temperature 
service can be fully determined. 


I. E. Mouurrop.1™8 The engineering world was somewhat 
startled a few years ago by the announcement that the Detroit 
Edison Company was prepared to investigate the use of steam at 
temperatures up to at least 1000 F and had actually ordered a 
10,000 kw turbine-generator and superheater for this purpose. 

This was the most interesting information received by the 
central-station industry since the Boston Edison Company an- 
nounced its decision to test the use of steam at 1200 lb per sq in. 
pressure and 700 F. At the time this decision was made 700 F 
was about the highest temperature any manufacturer was will- 
ing to meet. The desire to obtain a better thermal efficiency has 
been one of the aims of power-plant engineers for years and at the 
time the Boston Edison Company made its announcement the 
more practical ways of obtaining this end were through the use of 
higher pressure or higher temperature, or both. 

The step to 1200 Ib per sq in. seemed revolutionary at first 
but a little careful reflection indicated that it was a sound step 
and after all not as revolutionary as it appeared. However, 
there is a definite financial limit to the use of elevated pressures, 
namely, that point beyond which the increased carrying charges 
amount to more than the gain in efficiency. In other words, 
while thermal efficiency might be improved, dollar efficiency 
would be less. Pressures of 1200 to 1400 lb per sq in. seem to be 
about as high as can be utilized economically at the present 
time. 

The use of much higher temperatures would seem to be the 
next step toward improved efficiency but it is one that involves 
more problems and more risks, and calls for considerable courage. 

The use of steam at higher pressures and temperatures is 
really a question of economies with a diminishing return. There 
is also the humanitarian aspect as affected by accident hazard. 
We know that it is not difficult to obtain metals of the proper 
characteristics to withstand pressures of almost any amount but 
when the element of temperature is added we find that in order to 
obtain materials of the proper characteristics we have to enter 
the field of alloys. My experience has been that alloys are 
usually expensive and that they often become unstable after 
having been in use a certain length of time. The element of 
creep is added also; a consideration which may change the pic- 
ture completely. 

The operating experience at Detroit as related in these papers is 
very interesting. The authors state that operating at these 
higher temperatures is little different from operating at normal 
pressures and temperatures. It appears in the progress of the 


17 Chief Engineer of Company and Supt. of Construction Bureau, 
The Edison Electric Illuminating Company of Boston, Boston, 
Mass. Mem. A.S.M.E. 

18 This discussion applies also to ‘‘The Thermal Performance of the 
Detroit Turbine Using Steam at 1000 F,” by Carter and Ellenwood, 
A.S.M.E. Trans., 1934, FSP-56-8. 
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paper, however, that extreme caution was exercised and that 

great care was considered necessary in bringing the steam up to the 

high temperature in the superheater, as well as in starting up the 

turbine and bringing it up to temperature. This, of course, was 

to be expected. 
‘) The fact that such precautions are necessary in changing load 
on this apparatus indicates that a unit of this type is better 
adapted to base-load, continuous-operation conditions than to 
operation under varying conditions. This point should be taken 
into consideration in deciding the question of whether one should 
accept extremely high temperature in designing for central-station 
use. 

There are at least four other elements which should be given 
careful consideration in arriving at a decision as to the adoption of 
higher temperatures: capital cost, use factor, maintenance, and 
accident hazard. 

The experience of the electric-power industry in the past 

several years should have taught us that anything that affects 
the capital cost or limits the use factor should be studiously 
avoided. Any increase in the cost of equipment becomes a lia- 
bility which never can be escaped. In the writer’s opinion it is 
better to muddle along with equipment of a somewhat lower 
thermal efficiency, if by so doing we can avoid much increase in 
capital charges. 
In the matter of maintenance, it is not always true that high 
maintenance charges are entirely unjustified. If by incurring 
higher maintenance charges the over-all efficiency can be im- 
proved, the higher cost of maintenance may be entirely justified. 
The mere fact that maintenance charges per month are beyond 
our habitual expectation does not necessarily mean that they are 
not justified. 

Accident hazard should be given due consideration in the 
design of any type of station and the choice of any material 
which tends to increase the accident hazard should be avoided. 
If the success of any equipment depends upon materials, the life of 
which cannot be readily predicted or of which the condition can- 
not be observed, or if there is likelihood that the material may 
become weakened in use to such an extent as to cause rupture of 
the material, its use should be avoided. 

These papers are very instructive and the facts brought out 
by them are of great value to the profession but the conclusion 
at which the writer arrives from their perusal is that we need to 
know a great deal more about available alloys, their properties, 
and dependability before we advance very far beyond our present 
standards in the design and use of high temperatures for central- 
station practise. 

It is interesting to note that the Detroit Edison Company 
thought it advisable to buy a turbine of English manufacture 
while the superheater, piping, etc., were domestic products. 
This is a little surprising when one considers that the superheater 
and piping connections to the turbine get the greatest punish- 
ment from high temperature. To be sure, the turbine throttle 
valve and nozzles also get this same punishment, but the bulk of 
the turbine is subjected to somewhat lower temperatures. 

There is no question but what the British Thomson-Houston 
Company builds a very fine machine, and their designing engi- 
neers are second to none in the world. Some of us feel, however, 
that the American turbine builders are equally as capable and it 
is to be hoped that in the near future we can have an Ameri- 
can-built machine installed under similar conditions. 

In connection with this endeavor for improved thermal 
efficiency, it should be borne in mind that thermal efficiency is 
only one of the problems facing the power-plant engineer. Carry- 
ing charges on the complete plant is one of the most important 
items and, with a low load factor, could become the most impor- 
tant item over a period of years on the average plant. 
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I am inclined to believe that the most successful operating 
company of the near future will be the one which does not neces- 
sarily have a record-making generating plant from the standpoint 
of thermal efficiency but which has the lowest overhead. In 
other words, a company may be successful in paying reasonable 
dividends to its stockholders while operating a power plant 
which is far from the top as far as thermal efficiency is con- 
cerned. 

Power-plant engineers the world over owe a debt of gratitude 
to the Detroit Edison Company and its engineers for making this 
interesting experiment and for telling the world so frankly and in 
much detail about their experiences and the results to date. 
They should be commended especially for their frankness in 
summing up the results of their work. 


AvutTHors’ CLOSURE 


The authors appreciate the scope as well as the number of 
discussions that have been presented. The subject is one upon 
which comments are necessarily quite general; therefore, the 
authors will attempt to answer specific questions only. 

Mr. Dahlstrand has inquired regarding the working stresses 
in the various parts—a question which is especially pertinent 
to a paper of this nature. Unfortunately, the stresses encoun- 
tered in the high-pressure cylinder of the turbine are not avail- 
able other than in a statement by the makers that no design 
stresses over 5000 lb per sq in. were used for the parts fabricated 
from the nickel-chromium-molybdenum alloy. Working stresses 
for the essential parts of the superheater, based on a leaving 
steam temperature of 1100 F, are given in Table 11. The al- 
lowable stresses used in the design were two-thirds of the stress 
required to produce creep at the rate of one per cent in 100,000 
hr. All the values given in Table 11 are below these allowable 
stresses, the highest actual stress being 7400 lb per sq in. for the 
middle-section outlet header. In Table 12 are given the design 
stresses for flanged joints and tubing in the Trenton Channel 
and Delray piping systems. The flange and bolt stresses were 
calculated at room temperature with full pressure in the line 
without considering the effect of bending moment. Actual 
working stresses for these joints are not given due to the un- 
certainty of assumptions, such as the effect of creep and expansion, 
that are necessary in their calculation. They are much less, 
however, than the calculated values, because of the effect of 
rapid initial creep and rearrangement of the gasket faces. A 
calculation of the tubing stresses was made on the assumption 
that the material behaves elastically at 1000 to 1100 F. This 
method does not give the correct working stress as the material 
is approaching the plastic state at the operating temperature. 
It does, however, give an indication of the magnitude of the 
stress and one that is greater than the actual. 

We quite agree with Mr. Dahlstrand that it should not be 
necessary to use high-grade and expensive alloy steel for fit- 
tings and valve-body castings. In the Delray installation, all 
fittings and valves were made from low alloy steels with the ex- 
ception of the superheater outlet fittings. These were furnished 
by The Babcock & Wilcox Company from cast 18 chromium, 
8 nickel steel because the superheater specification named an 
outlet steam temperature of 1100 F. 

We have more or less anticipated Mr. Dahlstrand’s suggestion 
regarding the use of Stellite for valve seat and disk material. 
Stellite No. 1, deposited with an oxyacetylene torch, has been 
used for the past several years in repairing valves in sizes up 
to three inches with very good results for both 400-lb saturated 
and 400-lb, 725-F steam service. In view of the excellent re- 
sults obtained with this material, a 5-in. gate valve was installed 
at the outlet of the Trenton Channel superheater. One side was 
trimmed with Stellite No. 1, having a Brinell hardness of 512, 
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TABLE 11 CALCULATED STRESSES FOR 


Operating 

tempera- 
ture, 

Part Material F 

2-in. O.D., 8-gage tubes Steel 850 
l-in, O.D., 10-gage tubes KA2B 1000 
2-in. O.D., 6-gage tubes KA2B 1033 
21/s-in. O.D., 7/1s-in. wall tubes> 0.30-0.40 C steel 1033 
1l-in. O.D., 5/s-in, header KA2 1033 
2-in. O.D., 1/s-in. wall tubes KA2B 1100 
141/s-in. O.D., 13/s-in. header KA2 1100 
10-in. outlet flange, modified, KA2 1100 


600-lb Am. Std. Sarlun type 


@ Stress with 1100 F exit steam, from calculations suppli 
produce creep at the rate of one per cent per 100,000 hr. 
& Supplied by the Superheater Company; sprayed and ¢ 


TABLE 12 


alorized tubes. 
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PARTS OF THE DELRAY SUPERHEATER 


Stress,% 
lb per sq in. 
Allowable Actual Remarks 
6750 5600 Located in upper section 
9000 3700 Radiant tubes in middle section 
7800 4300 Located in middle section 
taee 2000 Located in middle section 
7800 7400 Middle-section outlet header 
7800 3300 Located in bottom section 
5400 5200 Outlet header 
5400 5170 Flange 4 in. thick with 13/s-in. bolts. 


Stress 
based on unit gasket pressure of 4 X 
S.S.P. with pressure acting 


ed by The Babcock & Wilcox Company; allowable stress is two-thirds of stress required to 


CALCULATED STRESSES FOR HIGH-TEMPERATURE FLANGED PIPE JOINTS AND PIPING 


Stress?—Unit 
gasket pressure 


Operating 1 X S.S.P. with Stress,? as 
tempera- pressure acting, made up, 
ture, lb per sq in. lb per sq in. 
Description Material F Flange Bolts Flange Bolts Remarks 
5-in. flange, 600-lb Am. Std., Sarlun type Rezistal 2C 1100 3600 6000 29,000 48,000 Original joints at Trenton Channel 
5-in. flange, modified 900-lb Am, Std. KA2 1100 1700 2200 7,900 10,000 Bac icra ee flange, 33/s in.; 
olts, 11/2 in. 
5-in. flange, modified 1350-lb Am. Std. KA2 1100 1300 1600 8,100 10,000 Beer yar iabe flange, 41/2 in.; 
= olts, 41D, 
10-in. flange, 600-lb Am. Std., Sarlun type Era 131 1000 3900 3900 11,500 11,500 Delray, spring stress—62,000 lb per 
with hairpin springs sq in; bolts, 13/s in, 

8-in. flange, 900-lb Am. Std. SAE 3240 1000 6,700 6,000 Delray; backing-up flanges for full- 
strength pipe weld 

8-in. flange, 1350-lb Am. Std., Sarlun type SAE 3240 1000 3400 3000 46,700 40,500 Delray 

81/2-in. O.D., 5/s-in wall tubing KA28S 1000 aids Ace on... © wmecceae Delray; max. stress, 6200 lb per sq 
in., includes bursting stress an 
bending stress due to expansion 
calculated at 1000 F and assuming 
material in elastic condition 

51/o-in. O.D., 3/s-in, wall tubing KA2 1100 : RUE Gkepore Trenton Channel; max. stress, 3200 


@ Stress calculated by The Detroit Edison Company at room temperature, with full working pressure, 


neglected. 


and the other side was trimmed with the No. 6 grade, having a 
Brinell hardness of 402. The valve was examined after ap- 
proximately 6000 hr of service at 1100 F. The body seat 
rings, likewise faced with Stellite, were in the same condition as 
when installed, while the trim on both sides of the disk had small 
hairline cracks. It is possible that a ring thicker than 1/s in. 
might have prevented the formation of these cracks. Good re- 
sults have been obtained, so far, at 1000 F with “Platnam” 
metal, a trim material developed by Hopkinsons, Ltd. 

It was not the authors’ intention to imply that Seminole 
Hard was the only satisfactory bolting material, as seems to have 
been inferred by Mr. Dahlstrand. In the two installations, and 
particularly at Trenton Channel, its use has resulted in the least 
maintenance. We are inclined, therefore, from this experience, 
to consider it the most satisfactory material for the purpose. 
The higher cost of Seminole Hard bolts as compared with bolts 
made of steels having lower physical properties is more than off- 
set by the decrease in joint maintenance. On the other hand, the 
chrome-tungsten material mentioned by Mr. Dahlstrand would 
undoubtedly be a suitable bolting steel for high-temperature 
service, judging from our own experience with this alloy in the 
cast state for both fittings and valve bodies. Its use should 
be considered the next time such an installation is made. 

In regard to the question of flexibility of operation raised by 


«* 


lb per sq in., calculated at 1100 F 
See, also, above note 


using Waters-Taylor formula. Bending moment 


Mr. Estcourt, the authors know of no inherent reason why a 
unit designed for 1000 F and for rapidly fluctuating load cannot 
be operated successfully. Experience with the Delray unit 
would indicate that the question is one of providing sufficient 
axial wheel clearance to compensate for the more rapid expansion 
movement of the rotor during sudden load change. 

The creep values and oxidation resistance of the various ma- 
terials at their operating temperature would be a desirable ad- 
dition to Table 2, as mentioned by Mr. Kerr. These data were 
not obtained because of the extensive testing work which would 
have been required. 

The authors are likewise at a loss, as is Mr. Kerr, to under- 
stand the high rate of creep observed on the KA2B tubes 
and on the coated carbon-steel tubes in the middle section of the 
Delray superheater. It is possible that the values given may 
decrease appreciably with the passage of time. 

In connection with the creep stress of 7000 lb per sq in. given 
for Seminole Hard in Table 2, this value is an average one for 
this material. Coffin and Swisher!® have reported values from 
6500 to 10,500 lb per sq in. on a similar steel tested at 1022 F. 


19 Coffin, T. H., and Swisher, F. P., ‘Flow of Steel at Elevated 
Temperatures,” A.S.M.E. Trans., vol. 54, 1932, paper APM- 
54-6. 
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Leaving-Velocity and Exhaust Loss in 


Steam Turbines 


| This paper gives an exposition of the various items which 
+, go to make up the leaving velocity and exhaust loss of a 
-. steam turbine. The importance of this loss and the ra- 
pidity with which it increases at high loads cause it to bea 
determining influence in fixing the economic rating of a 
machine. The several elements necessary for an analysis 
are each evaluated in a fairly direct, although sometimes 
approximate, manner. More detailed and precise esti- 
' mates might be made but are beyond the intent of this 
paper. 
», The loss in question occurs in the exhaust hood between 
the last wheel exit and the exhaust flange to the condenser. 
It is made up both of kinetic energy loss and of pressure 
loss through the hood and each effect varies with load and 
with location around the wheel annulus. Moisture is 
allowed for; supersaturation neglected. 
') The total loss may be expressed in Btu per pound flow 
'to condenser or as a per cent of adiabatic heat drop or 


4 | NHE most important single loss in a condensing steam 
turbine is the “leaving loss,’’ ‘exhaust loss,” or 
“Jeaving-velocity loss’’ as it is variously called. There 

is a very general understanding of the magnitude and im- 

portance of this loss. But there is no set standard as 

to the items properly included under the heading nor as 
to the manner in which the loss is to be evaluated for 
comparative purposes. 

The importance of this loss and the rapidity with 
which it increases at high loads cause it to be a determin- 
ing influence in fixing the economic rating of a machine (see 
Fig. 1). 


LEAVING VELOC/7 Y 


EXHAUST LOSS 


Hyprautic ANALOGY 


The leaving velocity and exhaust loss from a steam 
turbine may be likened to the tailrace loss of a water wheel. 
If the tailrace runs downhill, there is a corresponding 
loss of head—the wheel setting should have been lower. 
If the tailrace runs level there is the loss of velocity head 
only, which may be small if the cross-sectional area is gen- 
erous. If the tailrace runs smoothly uphill into quiet 
' water, the leaving velocity is recovered because the wheel 
operates under a gross static head greater than its net head by 
the velocity head converted in its tailrace. 


1 Turbine Engineering Department, General Electric Co. Mem. 
A.S.M.E. Mr. Robinson was graduated from the St. Lawrence 
University in 1911 and from the Harvard Graduate School of Applied 
Science in 1914 (M.C.E.). For three years he was engaged in con- 
struction work and the design of steel and reinforced-concrete struc- 
tures in New York and in water-power engineering in New England. 
During the war he served in the Oise-Aisne offensive as first Lieuten- 
ant with the 302nd Engineers, U.S. A., and later as Captain and 
Adjutant of the 2nd Engineer Training Regiment. For the past 
fifteen years he has been employed by the General Electric Com- 
pany in its Turbine Engineering Department. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Tor AMERICAN 
Socimty or MrecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 
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preferably as a per cent of total energy theoretically avail- 
able for conversion to switchboard power. 

With a particular exhaust operating at fixed steam con- 
ditions, the leaving velocity and exhaust loss increases 
roughly as the square of the load (parabolic rule). 

With a particular exhaust passing a fixed flow, increasing 
the total available energy in the higher stages of the tur- 
bine by improved steam conditions correspondingly re- 
duces the percentage loss in the exhaust (hyperbolic rule). 

With a fixed percentage loss in a particular exhaust the 
power may be increased by improved steam conditions as 
the */2-power of the total available energy by increasing the 
flow to the condenser. 

Base-load operation justifies more liberal exhaust areas 
than peak-load service but in the ultimate the heat-rate- 
load curve is the characteristic which is of most impor- 
tance to the operator and second only to the reliability of 
performance. 
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(Structural considerations limit the maximum annulus area at any speed to slightly 
less than in inverse proportion to the square of the speed. ! 
of limiting size at 3600 rpm may be expected to handle not quite one-quarter 


Thus a single exhaust 


as much capacity as a single exhaust at 1800 rpm.) 


In the water wheel one deals with low velocities but a heavy 
fluid. With steam one deals with an exceedingly rarefied fluid 
but with velocities which are correspondingly high and with a 
kinetic energy content which varies with the square of the 
velocity. 


MANUFACTURER’S VIEWPOINT 


It is the intention of this article to discuss the more important 
items contributing to the leaving-velocity and exhaust loss of the 
steam turbine from the manufacturer’s point of view. Typical 
curves will be given for a 35,000-kw turbine by way of illustration, 
but there is no intention of going into the finesse of design or of 
giving detailed formulas or test data. For reasons which will 
appear, it does not seem desirable to standardize any calculations 
or to recommend any set expressions or formulas. This does not 
mean that suitable comparisons among designs should not be 
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made. The idea is that each comparison should be made on its 
own merits. 


RésuME oF ITEMS 


The several items of the leaving velocity and exhaust loss may 
be listed as follows; this list being intended to cover all losses 
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Fic. 2 CoNnDENSER FLOW 


(35,000-kw extraction-feed-heating turbine, operating at 250 lb per sq in. 
gage, 700 F, and 1 in. Hg.) 


SPECIFIC VOLUITE CU. FT-/LB. 


ABSOLUTE PRESSURE,IN.HG 


Fic. 3 Speciric VoLtumME oF STEAM APPROACHING 1 In. He 
Ass PRESSURE AND 10 Per Cent MoIsTURE 


(35,000-kw turbine.) 


ANMULUS PRESSURE 


Fic. 4 Vexocrry Diacrams A, B,C, anp D For Stream EMERGING 
From Last Bucket oF 4 35,000-Kw TURBINE 
(Figures are velocities in ft per sec except for the heat equivalents in Btu 
per lb of the kinetic energy of absolute exhaust velocity. Each diagram rep- 
resents a particular annulus volume flow, as indicated. The volume may be 
made up of a larger weight of denser steam or & smaller weight of more rarefied 
steam. See Fig. 5.) 
existing in the exhaust hood between the exit from the wheel 


annulus and the exhaust flange: 


(1) Normal velocity loss 

(2) Loss due to tangential component, or whirl loss 

(3) Eddy losses, associated with non-uniformity of flow 
(4) Pressure drop through the hood itself. 
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In evaluating these items it is necessary to consider the follow- 
ing: 
(5) Moisture content of the steam 
(6) Possibility of supersaturated expansion. 
We shall rule out from this discussion: 
(7) Consideration of radial velocity in an axial-flow annulus 
(8) Eddy loss associated with edge thickness of buckets. 


This last is properly chargeable to the nozzle and bucket 
efficiency and the stream is supposed to have healed into a cylin- 
drical jet on emerging from the wheel annulus. This latter 
ruling is, of course, arbitrary. The N.E.L.A. Prime Movers 
Committee Report on Turbines, No. 234, July, 1932, recommended 
correcting for bucket-edge thickness, thus in effect charging the 
bucket-edge loss to the exhaust loss rather than to the bucket. 
Suffice it to say that in any case it should not be charged twice 
and the manner used should be clear in any particular case. 


TypicaL CURVES 


Fig. 2 is the load-flow curve for a 35,000-kw turbine operating 
at 250 Ib per sq in. gage pressure, 700 F temperature, and 1 in. 
Hg abs back pressure with two stages of extraction for feedwater 
heating. 


IN, HG. ABS. 


ANMULUS PRESSURE 


WEIGHT FLOW TO COM DEMSER LB/SEC. 


Fic. 5 ReELaTIon BETWEEN ANNULUS PRESSURE AND WEIGHT 
Fiow For 1 In. He ABs PRESSURE ATTHE FLANGE FORA 35,000-Kw 
TURBINE 


(The dotted lines A, B, C, and D for constant annulus volume flows corre- 
spond to the velocity diagrams in Fig. 4 and show the relation between an- 
nulus pressure and weight flow for varying exhaust flange pressures.) 
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KINETIC ENERGT LOSS 
BTU./LB.AT SPEED 


o 10,000 


20,000 30,000 40,000 50,000 


ANNULUS VOLUME FLOW, CUFT. PER SEC. 


Fic. 6 Krxetic-Enercy Loss tv THatT FRACTION OF THE STEAM 

Wuice Crosses THE ANNULUS OF A 35,000-Kw TURBINE AT SPEED 

(The moisture moves at very low speed. For 1 in. Hg abs pressure at the 

exhaust flange and the exhaust-hood drop shown in Fig. 5, the points A, 

, C, and D correspond to the actual kinetic energy leaving loss and also 
to the several diagrams in Fig. 4.) 
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Fig. 3 gives the pressure-volume line for the exhaust of this 
turbine for an average moisture content. The variation from 
this line does not exceed approximately 1 per cent and is neg- 
lected. 
Fig. 4 is a series of velocity diagrams characteristic of the 
last bucket exit in which we are interested only in the absolute 
Jexit velocity through the wheel annulus. 
By way of identifying the conditions of operation to which 

_ these diagrams apply, it should be noted that each represents a 

_ definite volume flow, and Fig. 5 gives the corresponding lines 

for various weight flows and absolute pressures at the annulus. 

‘The heavy line shows, for a pressure of 1 inch Hg abs at the ex- 
haust flange, what the annulus pressure will be at the several 

weight flows corresponding to the different loads of Fig. 2. 

By associating each annulus pressure with a corresponding 
velocity diagram, it is possible to plot Fig. 6 showing the kinetic 
energy of the exhaust steam in Btu per lb of steam at speed. 

It is necessary to bear in mind that the annulus pressure is not 

- uniform and Fig. 7 shows how it varies around the circumference 

\for two flows approximating full load and half load, in each case 
for a pressure at the exhaust flange of 1 inch Hg abs. 

The kinetic-energy content in Btu per lb of steam at speed 

‘around the annulus is shown by Fig. 8 for the same two flows as 
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DEVELOPED ANNULUS 


Fie. 7 VARIATION oF ANNULUS PRESSURE AROUND THE PITCH 
' CrrcLe oF THE ANNULUS OF A 35,000-Kw TuRBINE FoR Two 
SprcraAL WEIGHT Fiows, 85 LB ppR Suc AND 45 LB PER SEC 
(The irregularity is due to the quarter turn of the hood and its internal 


bracing. Lack of symmetry is due to the tangential component in the ex- 
haust velocity.) 
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DEVELOPED ANNULUS 


' Fre. 8 Variation or Krinetic-Enercy Loss par Pounp oF 

Stpam at Sprep AROUND THE PiTcH CIRCLE OF THE ANNULUS 

or a 35,000-Kw TuRBINE FOR THE SPECIAL WEIGHT Fiows, 85 LB 
PER Sec AND 45 LB PER SEC 


(The weight flow is practically uniform around the annulus. The volume 
flow varies in inverse relation to the pressure and consequently the velocity 
and kinetic energy vary as shown.) 
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KINETIC ENERGY LOSS 
BTU/LB. AT SPEED 


° 70,000 20,000 30,000 40,000 
KW. 


Fie. 9 Totat INTEGRATED KinetTic-ENerGy Loss Per Ls oF 
Stream aT SPEED IN THE ANNULUS OF A 35,000-Kw TURBINE 


(This is the average for the entire annulus area and applies to the dry 
portion of the steam only since the moisture moves at very low velocity.) 


ANNULUS PRESSURE 


to 12 14 IG 18 20 22 24 26 28 30 


AVAILABLE ENERGY LOSS BTU/LB. TOTAL FLOW 
To CONDENSER 


Fie. 10 AvarLaBLE Enrercy Loss Due To Pressure Drop 
THROUGH THE ExHaust Hoop From THE WHEEL ANNULUS OF A 
35,000-Kw TuRBINE TO THE ExHaustT FLANGE 


(If the wheel annulus could exhaust directly at 1 in. Hg abs pressure, 
the adiabatic energy available ahead of the last wheel exit would be increased 
by the amount shown.) 
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AVAILABLE ENERGY LOSS 
BTU/LB.TOTAL FLOW TO CONDE: 
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180° 


DEVELOPED ANNULUS 


Fie.11 Variation AROUND THE ANNULUS OF AVAILABLE ENERGY 
Loss Dur To Pressure Drop THroucH THE ExHaust Hoop oF A 
35,000-Kw Tursine ror Two Wxicut Fiows, 85 Lp per Sec anp 45 
Lz per Sec 
(This variation is due to the variation of pressure shown in Fig. 7.) 


Fig. 7. We arrive finally at Fig. 9 which shows the kinetic- 
energy loss plotted against the various loads in kw. 

Returning to the résumé of items, the method of arriving at 
Fig. 9 has taken care of (1) normal velocity, (2) tangential 
component, and (3) non-uniformity of flow. It remains to 
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evaluate the loss of available energy due to pressure drop through 
the exhaust hood itself. 

Fig. 10 shows the relation to be nearly linear so that Fig. 11, 
which illustrates the distribution around the annulus, is not 
absolutely essential for a satisfactory preparation of Fig. 12 
which shows the available energy loss plotted against the various 
loads in kw. 


ApsoLuTe VALUE oF Lossrs INSIDE ExxHaust Hoop 


When it comes to expressing the total effect it is necessary to 
take account of the quantities involved. The kinetic-energy loss, 
Fig. 9, affects only the steam at speed, and since in this case 10 
per cent of the condenser flow is in the form of moisture moving 
at low velocity, this is to be applied to 90 per cent of the con- 
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Fic. 12 Torat INTEGRATED AvVAILABLE EnperGy Loss DvuE 
to PrEssURE Drop THROUGH THE Exuavust Hoop or A 35,000-Kw 
TURBINE 


(This is the average for the entire annulus and applies to the total weight 
flow.) 
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Fic. 13. ToTrat LEavinG VELOCITY AND Exuaust Loss OF A 
35,000-Kw TuRBINE EXPRESSED AS A PERCENTAGE OF ToTaL THEO- 
RETICALLY AVAILABLE ENERGY IN ALL Srram, Bota TO CONDEN- 
SER AND TO ExTRACTION HEATERS 
(The lower full line curve shows the subdivision between true velocity loss 
and pressure loss as they actually occur. The dotted line shows the approxi- 
mate leaving velocity and exhaust loss based on computed normal annulus 
velocity, assuming exhaust flange pressure at the annulus and expressed as 8 


per cent of the adiabatic heat drop in the turbine.) 


o /0,000 


denser flow. Itshould not be necessary to explain the difference 
in velocity between the moisture and the steam, further than to 
refer to the article “Supersaturation—The Flow of Wet Steam,” 
by the late Prof. G. A. Goodenough,? describing steam-flow tests 
conducted at the General Electric Works by Prof. J. H. Keenan. 
The available-energy loss is expressed per pound total flow. 
Bearing in mind these relations, reference to Figs. 2, 9, and 12 
leads to Fig. 13, the total leaving velocity and exhaust-loss curve 
for this turbine. For simplicity an average over-all ‘‘engine”’ 


2 Power, Sept. 27 and Oct. 4, 1927. 
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efficiency of 75 per cent has been assumed, whereas more accurate 
estimates use true efficiency curves, or true integrated available 
energy. 

The total loss might be divided up in another way by defining 
the net exhaust-hood loss as the extra loss occasioned by having 
the specified exhaust or condenser pressure occur at the hood 
flange instead of at the wheel annulus. This viewpoint has a 
certain merit in setting up a standard for comparison of no 
pressure drop through the hood. The net hood loss viewed this 
way is less than the actual loss due to the pressure because the 
pressure drop reduces the kinetic-energy loss at the annulus. 
In order to divide the total loss in this way it is necessary to 
compute the leaving velocity loss at the annulus with the specified 
exhaust pressure occurring at that location. The balance be- 
tween this and the total may be thought of as the net amount due 
to the presence of the exhaust hood. This is not the same as the 
approximate computation suggested below, because true per- 
formance (as nearly as can be estimated) under the supposed 
conditions is computed. The result especially depends on both 
the relation between the size of annulus and the hood and the 
load, and the method of computation employed for estimating 
what would happen under the assumed conditions. Thus a 
heavily loaded annulus discharging into a liberal hood will suffer 
very little additional loss because of pressure drop through the 
hood as compared with free discharge without any hood. On 
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Fig. 14 Toran LEavinG-VELOCITY AND Exuaust Loss OF A 

35,000-Kw TuRBINE, EXPRESSED AS A PERCENTAGE OF ToTAL THEO- 

RETICALLY AVAILABLE ENERGY IN Apuy Stream, DrvipEepD So as TO 

SHow THE Net Loss CHARGEABLE TO THE PRESSURE Drop 
THROUGH THE Hoop 


(In this case the velocity loss is that which would occur with exhaust pres- 
sure at the wheel itself.) 


the other hand, a liberal sized or lightly loaded annulus dis- 
charging into a more restricted hood may easily have a net 
loss chargeable to the presence of the hood equal to the velocity 
loss with no hood present thus doubling the theoretical leaving 
loss. 

It can be seen by reference to Fig. 14 that the net loss charge- 
able to the presence of the hood is really much less than would be 
inferred by looking at Fig. 13. The example here given has a 
rather high net hood loss. 


AppROXIMATE ESTIMATES 


For comparative purposes the dotted line in Fig. 13 has been 
prepared in a very simple manner by multiplying the weight flow 
to the condenser by the specific volume at the exhaust flange and 
dividing by the annulus area. This gives an average annulus 
velocity which has been converted to a kinetic energy heat con- 
tent in Btu per lb and divided by the adiabatic heat drop, without 
regard to extraction. This curve may be compared with the 
more accurate estimate which is given in full lines. The appar- 
ent inconsistency of using exhaust flange volume as if present at 
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the annulus goes part way to compensate for the neglect of 
pressure drop through the hood with its corresponding loss of 
available energy. 


SUPERSATURATION 


In dealing with the results so far set down no account has been 
taken of any effects which may be caused by supersaturated 
expansion, that is, by expansion of the steam without condensa- 
tion to a momentarily cooler, denser condition. In considering 
Fig. 13 as representing absolute values, this reservation has to be 
kept in mind in addition to the minor inaccuracies purposely 
assumed for simplicity. 

It has been noted in comparing Fig. 14 with Fig. 13 that the 
true loss through the exhaust hood is accompanied by a reduc- 
tion of velocity loss in the denser medium at the annulus. The 
two effects are, to a certain extent, compensating. 

Similarly supersaturation, if present, results both in a reduc- 
tion of energy made available for conversion and in a reduction of 
the leaving-velocity loss. With the amount of moisture present 
there is not likely to be any high degree of supersaturation in 
this particular case. However, in a different case with, say only 
2 or 3 per cent of moisture theoretically present, supersaturated 
expansion should be allowed for. 


CoMPARISON OF TURBINES 


While it is legitimate to express the leaving velocity and 


' exhaust loss in a variety of ways, it is always well to bear 


in mind the significance of the type of expression used. For 
instance, the difference between the approximate calculation 
dotted in Fig. 13 and the more exact one in full lines may be 
quite different for another design. There are a number of tur- 
bines in sizes over 50,000 kw in which, under favorable load con- 
ditions, the hoods are diffusing and produce a lower pressure at 
the annulus than exists at the exhaust flange. 


ofo LEAVING VELOCITY &€ EXHAUST LOSS 


°o J00 Zoo 300 400 500 690 70 800 900 


TOTAL THEORETICALLY AVAILABLE ENERGY 
BTU. PER POUND TOTAL FLOW TO CONDENSER 


Fic. 15 Per Cent LeavInG-VELociITy aND Exuaust Loss WITH 
Various Steam Cycues, in Eacn Case Wits 30-Bru Loss PER 
Ls Tota FLow To CONDENSER 


(If the same turbine exhaust is used for the same kw capacity while sub- 

stituting modern steam conditions for lower pressures and older cycles, 

the percentage leaving loss will be greatly reduced and the exhaust will 
appear wastefully generous in size for the better steam conditions.) 


Correct values of the loss may be expressed in terms of heat 
equivalent in Btu per lb flow to the condenser, or as a per cent 
of the adiabatic heat drop, or as a per cent of the total theoretical 
energy available within the flowing steam between throttle inlet 
and the several extraction and exhaust flanges, for conversion to 
switchboard power. 
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Thus it is correct to speak of a loss of 30 Btu per lb flow to the 
condenser. But such a statement is not very significant. If 
the adiabatic heat drop is 500 Btu, the loss may be said to be 6 
per cent of the adiabatic heat drop. But there is still an un- 
certainty as to the effect on the power generated since the 6 
per cent loss applies only to the steam going all the way through 
the turbine. If */; of the power generated comes from steam 
which goes all the way through the turbine, then the true loss 


MERCURY 


Z 


(Same per cent leaving- 
velocity and exhaust loss) 


(Same absolute leaving- 
velocity and exhaust loss) 


Fic. 16 Approximate IncrBAsE IN Kw Capacity Mapg AvalIL- 
ABLE BY MopprN Cycies Witro SAME TURBINE EXHAUST 


is 5 per cent of the theoretically available power which, for the 
reasons discussed, fails to appear on the switchboard. 


Errect or MopEeRN STEAM CYCLES 


For instance, take the same loss of 30 Btu per pound flow to the 
condenser (see Fig. 15). Such a loss amounts to 10 per cent 
of the adiabatic heat drop of an ancient low pressure turbine 
with 300 Btu available energy while it is only 5 per cent of the 
adiabatic heat drop of a modern high pressure resuperheating 
turbine with 600 Btu available. Similarly a full use of stage 
extraction for feed heating so increases the power generated from 
a particular exhaust that the importance of a fixed leaving- 
velocity and exhaust loss may be decreased as much as 20 per 
cent in this manner; an effect which is not shown at all by ex- 
pressing the loss in terms of adiabatic heat drop, which does not 
change with extraction. 

The use of the mercury turbine in conjunction with the steam 
turbine still further reduces the percentage importance of a fixed 
size loss. 

In other words, modern cycles warrant the use of much 
higher absolute losses per pound of steam exhausted to conden- 
ser, because much less steam is being exhausted per kw hour 
generated. 


INCREASED CAPACITY 


Fig. 16 is the counterpart of Fig. 15 showing how the capacity 
obtainable from the steam entering a given exhaust may be 
increased by the use of modern cycles. The relative capacities 
for constant percentage loss are based on the approximate rela- 
tion that, for a given cycle, the absolute value of the leaving- 
velocity and exhaust loss increases as the square of the flow. 
This leads directly to the conclusion that relative capacity for a 
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constant percentage loss increases as the %/,-power of the total 
energy theoretically available. 


ConDITIONS OF OPERATION 


The type of service and conditions of operation also are very 
important in evaluating the amount of leaving velocity and ex- 
haust loss that is acceptable. This is because of the rapid change 
at high loads. Thus a base load machine which is to run most 
of the time at its maximum rated capacity requires a more 
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ever, this method is somewhat difficult to apply and if a simpler 
method could be devised for comparing turbines it would be 
helpful in evaluation procedure. It would be interesting if the 
author could indicate the probable error which might be intro- 
duced in comparing the exhaust end of a variety of turbines 
on the basis referred to in the N.E.L.A. Prime Movers Committee 
Report No. 234 on Turbines. 

The author speaks of load curves and conditions for which a 
turbine is chosen but these conditions are so subject to change 


that it is dificult to predict conditions far in advance. 
In case of doubt as to the future it may be wise to lean 
in the direction of capital savings at the expense of 
economy. Until quite recently growth of load through- 
out the country was rapid and new units were in- 
stalled at fairly frequent intervals. Each succeeding 
installation carried design improvements rendered pos- 
sible by the advance in the art. With new units of 
superior economy added to the system, the capacity fac- 
tor of the earlier machines dropped and they are op- 
erated only at peakloads. For example, on one system 
new machines purchased some years ago were operated 
at 58 per cent capacity factor for about 6 years and 
after this period the use of these machines diminished 
almost annually until it finally reached a capacity 
factor in the neighborhood of 5 per cent in about 20 

years. Experiences of this kind cannot be safely taken 
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Fig. 17 Typrcan ANNUAL-LoaD CuRVES 


(Since the leaving-velocity and exhaust loss increases roughly in a parabolic manner 
with the load, a base load station such as B will experience a greater integrated loss 
than a station like A which shares light loads. Turbines for base load service warrant 


more liberal exhaust areas.) 


liberal exhaust with smaller absolute loss than a machine de- 
signed for a broad range of service and the expectation of running 
at maximum capacity only a short part of the year. 

Roughly speaking, the higher the annual capacity factor the 
lower should be the fixed loss in the exhaust but this is just an- 
other way of saying the more you run a machine the more ef- 
ficient it should be. For careful comparison actual load re- 
quirements should be analyzed. For instance, Fig. 17 illustrates 
two types of service, the total energy generated being the same 
in each case, but Station A is taking the swings and does the bulk 
of its operation at half and three-quarters load while Station B is 
on base-load service and operates mostly around three-quarters 
to full load. If these two stations were each equipped with a 
single turbine of the type represented by Fig. 13, the integrated 
loss due to hood effects in Station B would be 50 per cent more 
than in Station A, the difference amounting to approximately 
1 per cent of fuel requirements. From this it may be inferred 
that with medium coal prices a purchaser could afford to pay 
some 10 per cent more in the case of Station B for a turbine with 
more liberal exhaust and a different load curve from that which 
would be suitable for Station A. 

This brings attention directly to the load curve as being con- 
sidered a most important feature by operators in the selection 
of a turbine. It is second only to reliability of operation and 
with turbines as dependable as they have been of late years, 
attention (perhaps too often) is likely to be concentrated en- 
tirely on the load curve. Together with throttle loss at light 
loads, which dwindles out at full load, the leaving-velocity and 
exhaust loss, which increases from very little at light loads, is 
one of the most effective tools the turbine designer has at his 
disposal in producing the type of machine suited to the operating 
conditions. 


Discussion 


W. E. Canpweruy.? The paper presents a comprehensive 
method of calculating the exit loss in a condensing turbine. How- 


3 Efficiency Engineer, The New York Edison Co., New York, 
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as a basis for purchase of new machines since it 
presupposes a continuation of load growth such as we have had in 
the past. 

In the absence of continued load growth, the capacity factor 
and use factor of the more recent machines will increase materially 
above that which might be anticipated from earlier experience. 
Under such conditions machines evaluated for a relatively low 
capacity and use factor may ultimately become base-load units of 
the system. This is a situation which cannot always be foreseen 
and should not be lost sight of in the purchase of new units, es- 
pecially as it influences exhaust areas. 

Another important consideration in the choice of exhaust areas 
in the turbine is the cost of steam-generating capacity to meet 
full-load requirements. With a lower exit loss less steam-generat- 
ing capacity is required and this should be carefully considered 
in evaluating turbine performance. Whether the value of the 
additional boiler-plant capacity required by a less efficient turbine 
is taken on a pro-rata base or increment cost base is largely a 
matter of judgment, but it is an important consideration if the 
highest economy in the use of capital is to be achieved. 

Summarizing, the influences to be considered in the design of 
the turbine-exhaust end are the capacity factor, cost of boiler and 
condenser capacity, cost of steam, and quality, quantity and 
temperature-duration curves of circulating water available. 
The design is influenced also by the relation of the system de- 
mand period to the circulating water temperature, and if the 
period of maximum demand of the system coincides with the 
period of minimum circulating water temperatures, the condi- 
tions are favorable for a design with relatively low exit loss. 

The paper clearly brings out the influence of higher initial 
steam conditions and other improvements in reducing the per- 
centage exit loss, nevertheless there is often potential capacity 
available which might have been purchased at an attractive 
price. In latitudes favored with an abundance of cold condens- 
ing water during the period of maximum demand, it is probable 
that there are cases where available capacity might have been 
purchased in the last wheel and condenser well below the unit 
cost of the plant. 

As the art advances progress in improving efficiencies will 
diminish as the more attractive possibilities have been exhausted 
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and we may find it profitable in the future to resort to more 
liberally designed exhaust areas in steam turbines, as well as 
more liberal condensers and auxiliaries. With each successive 
installation closer cooperation is developed between the engineers 
of the manufacturers and those of the power producers and it is 
through the mutual understanding of the common problems in- 
volved that the greatest progress may be made in achieving a 
well-balanced design in the ultimate plant. 


A. G. Curistm.! As the author states in his opening para- 
graph, the combined leaving-velocity and exhaust loss constitute 
the most important single loss in condensing steam turbines. 
These losses have attracted the serious attention of the plant- 
designing and operating engineers only in the last few years. 

Leaving losses were considered a few years ago by the Prime 
Movers Committee of N.E.L.A. Data on various turbines were 
collected and referred to the writer for analysis. In many cases 
arbitrary assumptions had to be made regarding the amount of 
steam to exhaust and other items. Certain of these such as the 
allowance for blade-outlet thickness on the last set of blades are, 
as pointed out by Mr. Robinson, open to question. Manu- 
facturers at that time were somewhat reluctant to discuss leaving 


. losses. There appeared to be no standard or other method of 


expressing leaving losses. The writer therefore proposed as a 
tentative measure the expression of leaving loss as the equivalent 


of the absolute velocity from the last row of blades assuming 


axial flow and found by assuming the exhaust pressure and 
volume at the blade annulus instead of at the exhaust nozzle. 
In other words the losses in the exhaust hood were not con- 
sidered. The Prime Movers Committee then considered the 
question of a standard method of expressing leaving loss. How- 
ever, differences of opinion developed and a suggestion was made 
that a leading authority on turbine design be asked to discuss 
this whole subject in a paper before A.S.M.E. Mr. Robinson’s 
concise and enlightening paper is the result of this suggestion. A 
careful analysis of its contents will aid plant designers and op- 
erators to give intelligent consideration of these losses and to 
their influence on plant economy. 

Mr. Robinson shows very clearly that the leaving-velocity loss 
and the pressure loss in the hood are interdependent and both 
should be considered. The method of indicating leaving loss 
used in the N.E.L.A. report does not give all the facts. 

In Fig. 13 Mr. Robinson shows that the total leaving-velocity 
and exhaust-hood loss at 28,000 kw, the most efficient load on the 
35,000-kw turbine under consideration, exceeds the loss cal- 
culated by the N.E.L.A. method by 0.6 per cent but he also 
points out that this may not be true for turbines with diffuser 
exhausts. Few of the turbines in the N.E.L.A. report have 
diffuser exhaust hoods so that the computed losses are probably 
not as large as the sum of the true leaving loss and hood loss. 
However, it is apparent that the computed figures published 
by the writer in the N.E.L.A. report can only be used with reser- 
vations. 

Leaving loss depends upon the length of the last row of tur- 
bine blades and the quantity of steam flowing to the condenser. 
Hence the amount of this loss when the maximum length of 
blades is used, depends upon the output rating of a given casing 
as fully discussed in the writer’s paper before the World Power 
Conference a few years ago. 

Losses through the hood will also be dependent upon the out- 
put of a given casing but as Mr. Robinson states these will also 
depend upon exhaust outlet design. Certain exhaust hoods 
exert a diffuser effect so that the leaving velocity of the steam is 
partly converted into pressure head to overcome hood losses. 
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The question arises as to whether it would be desirable and 
economic to incorporate diffuser designs in the exhaust hoods of 
all turbines. Some savings would result from such an ideal 
design. 

Regarding supersaturation, Mr. Robinson indicates that this 
only needs consideration when moisture contents of 2 to 3 per cent 
occur at exhaust. Generally the moisture content ranges from 8 
to 11 per cent. Can any supersaturation exist at the last row of 
blades under these conditions? The late Professor Callendar and 
H. M. Martin, both of England, have advanced the opinion 
that supersaturation will persist even to exhaust. R. Colburn 
and the writer concluded two years ago that supersaturation 
might exist at high moisture contents for there appear to be 
indications that this was a contributing factor in blade erosion 
from moisture. But the question is by no means settled. 

One of the Power Test Code Committees should consider a 
standard definition for the combined leaving and hood loss. Mr. 
Robinson indicates the different ways in which the loss can be 
expressed but has not given any method preference over the 
others. It is highly desirable that the expression of this loss be 
standardized so that all engineers can refer to it in the same 
terms. 

A further comment may be made. These losses are fixed by 
the original design of the turbine and are inherent in its con- 
struction. They cannot be increased or decreased for given 
operating conditions by any efforts of the station operators. 
It is therefore incumbent upon the plant designer to give the 
fullest consideration to the economics of these losses in the 
initial selection of the turbine equipment. Mr. Robinson points 
out certain factors such as the character of load, ete., which 
influence the economic effect of leaving losses. 

There are differences of opinion in regard to the allowance for 
leaving losses in determining the true end-point of the condition 
curve. In some cases, the whole of the leaving loss has been 
deducted from the total heat to exhaust to find the end-point of 
the condition curve. Others estimate the probable stage ef- 
ficiency of the last stage and only deduct from the heat to exhaust, 
the product of this stage efficiency and the leaving losses. Ob- 
viously the latter method gives the higher end-point. Can Mr. 
Robinson indicate which method more nearly approaches the 
true end-point? 

This paper will prove valuable to designing and operating engi- 
neers as it discusses a hitherto little understood subject in a clear 
and comprehensive manner. 


Sapin Crocker.’ Mr. Robinson’s paper presents valuable 
information on turbine-exhaust loss as seen by a turbine designer. 
As such, the presentation of these data is an excellent and timely 
work, The writer would like to present the turbine user’s 
view of these data as they may be applied to turbines in power 
plants. 

As power-plant heat rates have been improved through the 
development of more efficient equipment and the adoption of 
more favorable heat-utilization cycles, it has become necessary 
for engineers charged with the design and operation of power 
plants to go progressively to greater refinements in order to 
continue an improvement of thermal efficiency within the eco- 
nomic limitations of the case. Consequently in order to obtain 
further improvements at the present time it is necessary to con- 
sider comparatively small differences and quantities, such, for 
instance, as are involved in the return of low-grade heat through 
the turbine feedheating circuit, in changes in condensing equip- 
ment to obtain better vacuum, or other changes which may affect 
the exhaust loss in different ways. 


5 Engineer, Engrg. Div., Detroit Edison Co., Detroit, Mich. 
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Operating companies make many such studies in which the 
exhaust loss becomes an important item. Under present prac- 
tise it is necessary to obtain specific data from the manufacturer 
for each case considered. This results in great expense to both 
parties, loss of time in correspondence, and a restriction in the 
number of comparisons that can be made in a given study. 
In consequence, while the manufacturer usually shows a willing- 
ness to cooperate in such matters, the results are not always 
satisfactory. 

The present paper is a notable beginning toward clearing up 
these difficulties in that it enumerates all the items involved in the 
exhaust loss of a steam turbine. A detailed statement of the 
turbine-user’s need for data of this type should likewise help the 
situation. Briefly, he should be able to determine the exhaust 
loss on his turbines for any possible operating condition. In this 
regard Figs. 4 and 7 from which can be determined the magnitude 
of the loss for a given turbine are of particular interest. It would 
seem that such information should be made available to a turbine 
owner in either of two different ways: (a) on request furnish 
him curves similar to Figs. 4 and 7 applying to his particular tur- 
bine and (b) make available to him the methods for computing 
such curves from the basic data for his type and size of turbine. 
Such material is indispensible to the turbine operator for an in- 
telligent solution to his problems in power-plant design. Ap- 
parently Fig. 4 can readily be used for any desired operating 
condition but it appears that Fig. 7 would have to be given for a 
series of different condenser pressures and exhaust flows before it 
would be of much use to a plant designer. This would entail a 
large amount of detailed work on the part of the manufacturer, 
which it would seem he could eliminate by making more general- 
ized computation methods available to the turbine user. 

The writer is quite aware that many variables are involved in 
computing exhaust losses, and that turbine manufacturers and 
their designers prefer to pass out information piecemeal rather 
than to give an operating company’s engineers sufficient informa- 
tion about a given turbine for them to compute the necessary 
correction factors for that turbine themselves. Nevertheless, 
it would seem that the author could well afford to give the user’s 
requirements further consideration in closing an otherwise com- 
mendable paper. 


C. C. Francx.® In discussing the actual loss due to the pres- 
sure drop through the exhaust load, the author places consider- 
able stress on the size of the cylinder-exhaust area, without a 
great deal of concern for the flow area of the last row of blades. 

For a turbine of equal exhaust dimensions to that presented 
by the author, the loss resulting directly from the increase in 
exhaust pressure caused by crowding the exhaust hood, consti- 
tutes only a small part of the actual loss in heat converted into 
work. 

Zu? 


By virtue of the consideration of for not only the last row, 
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but for the last three stages, which are affected by the change in 
yacuum, it may be pointed out that the reduction in adiabatic 
heat available, Azs, results in an increase in the operating ef- 
ficiency of the group and partially offsets the reduction in avail- 
able heat. Another important point to be considered is the so- 
called ‘explosion loss” or loss occurring when the volumetric 
flow through the last row of blading is of such magnitude that a 
portion of the expansion actually occurs outside of the last-row- 
blade passage. This results in an uncontrolled expansion which 
destroys a greater part of the energy liberated. 

For example, assume that Az: for the last three stages at full 
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capacity including reheat, is 160 Btu/Ib at 29 in. vacuum of 
which 105 Btu/lb can be converted into useful work. Then 
by virtue of limited exhaust dimensions the pressure at the exit 
of the last row of blades is reduced 0.5 in. vacuum to 28.5 in. 
Then the reduction in available energy will be (from Fig. 10) 
21.6 Btu/Ib and the resulting Az, will be 139.4 Btu/lb at 28.5- 
in. vacuum of which 100 Btu/lb can be converted into useful work. 

Consequently from this consideration the actual reduction in 
heat to work will be 5.0 Btu/Ib, not corrected for moisture losses 
which, for such small changes, could be neglected. 

Carrying this example to a conclusion by adding the effect 
of moisture, we see on the i-s diagram that the average moisture 
for the expansion to 29-in. vacuum is 9.25 per cent while the 
average moisture for the expansion to 28.5-in. vacuum is 9.0 per 
cent. Assuming no moisture removal and applying a correction 
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of 1 per cent loss in efficiency for 1 per cent average moisture 
content to the heat converted into work for the two expansions, 
we see that the heat converted to work for the 29-in. expansion is 
95.3 Btu/lb and 90.5 for the 28.5-in. expansion. Hence the 
reduction in heat to work is 4.8 Btu/Ib resulting from a reduction 
in available energy of 21.6 Btu/lb. 

This points out that even with great care exercised in the 
design of the low-pressure exhaust load, a restricted last-row blade 
annulus may tend greatly to reduce the expected gain. 

Another point of importance to be considered at this time 
is the possibility of correlating the design of the turbine and 
condenser in order to produce an approximately constant volu- 
metric flow through the exhaust end for the normal range of 
operating loads. This could be obtained by controlling the 
condenser circulating water to produce the desired vacuum with 
changes in steam flow. In this manner the design consideration 
of the turbine with regards to exhaust dimensions could be 
simplified. 

With such a system of variable vacuum the discussion on re- 
duction in available work would have to be continued with 
lower flows. With such conditions of reduced volumetric flow, 
i.e., half load flow at 29 in. vacuum, the effect of explosion is en- 
tirely eliminated and the actual operating vacuum could be 
increased to 29.25 or 29.5 in. and at the same time the extra 
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available energy converted into work at approximately the same 
efficiency as in the case of the 29-in. expansion. 

In regard to the question of designating leaving losses it 
appears that the most rational method of evaluating them 
would be to consider the loss in kw. By the use of kw an ab- 
solute loss is immediately determined and its magnitude is left 
without question. 

Another point which should be considered is the method of 
carrying peak loads. Some installations carry peak loads with 
the bleeder heaters cut out of service and this condition lends 
itself to separate consideration by virtue of the added flow passed 
through an already crowded exhaust. 

Fig. 18 shows a typical ‘“leaving-loss” curve for a reaction ma- 
chine of 35,000 kw. 


H. G. Hieseer.’? We are pleased to see such a thorough 
definition and explanation of a subject which has caused much 
comment by power engineers within the past few years. 

We feel that it is a function of the turbine designers to define 
what should be understood by such losses and to show their rela- 
tive magnitude. 

From a strictly operating viewpoint, once the selection of a 
machine has been made, these losses are beyond control except to 
a limited degree by the plant men. In southern stations, such 
as the Deepwater (Houston) plant, the high circulating-water 
temperatures which prevail throughout most of the year limit 
the vacuum obtainable. In the north, however, with colder 
water conditions, particularly in the winter time, absolute pres- 
sures between 0.50 to 0.75 in. Hg abs may prevail for several 
weeks in extreme cases. In some instances, due to the pressure 
from operating departments together with the natural conser- 
vatism of designers, condensers are purchased for summer condi- 
tions. With such installations undoubtedly the magnitude of 
these leaving velocities and exhaust losses is very great. From 
the operating viewpoint, attention should be called therefore to 
the fact that many units are unable to use such high vacua effec- 
tively or that there is a limit beyond which it is not economical to 
go. This would suggest reduced speeds of the circulating pumps, 
resulting in a saving in auxiliary power. Further, on some types 
of condensers, refrigeration losses of the condensate are increased 
under high vacuum conditions. 

The author’s paper considers the performance of the unit as- 
suming a constant back pressure of 1 in. Hg abs at the flange. 
We believe it would be of interest to callattention to the variation 
in the performance of modern condensers with variations in load 
and with variations in circulating-water temperatures, such as 
occur from season to season. The following will illustrate the 
typical performance of a condensing unit for a 35,000-kw machine 
under the conditions prevailing at Houston: 

——Steam condensed, lb per hr—~ 


360,000 315,000 235,00 170,000 
-——Back pressure, in. Hg abs 


Temperature of 
inlet circ. water 


50 deg F 0.86 0.78 0.64 0.59 
65 deg F 1.30 1.20 1.02 0.94 
80 deg F 2.00 1.85 1.60 1.44 
95 deg F 3.04 2.82 2.48 2.21 


In the tabulation above, the flows which correspond to maxi- 
mum load (40,000 kw), full load (35,000 kw), three-fourths and 
half load happen to correspond very closely to the flows assumed 
by the author. This tabulation will show a variation of approxi- 
mately 25 per cent in the specific volume of the steam to the 
condenser between half load and maximum load for the same 
water conditions and a change of approximately 300 per cent 
for the same load between summer and winter conditions. This of 
course neglects the consideration of moisture. 


7 Assistant Superintendent of Power, Houston Lighting and Power 
Co., Houston, Tex. Mem. A.S.M.E. 
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The use of these factors would considerably alter the author’s 
Fig. 13 and also call attention to the necessity of using weighted 
averages over the entire year in connection with the author’s 
Fig. 17, showing typical annual load curves, in order to compute 
the total annual losses from this source. 


P. H. Knowuron.’ This paper is an excellent presentation of 
the calculation of the total exhaust loss from a turbine. It 
appears worth while to supplement this work by a statement as to 
the background of the method and the reasons for believing that 
such calculations are adequate. 

In the first place, for any particular turbine the characteristics 
of the last stage wheel and buckets are, of course, known to the 
designer. The calculations necessary for Fig. 4 are fairly simple, 
involving the aforesaid characteristics together with the laws of 
flow for wet steam as they are understood. 

Fig. 7, however, requires something more than well-known 
rules. The flow of steam through the ordinary downward 
exhaust type of hood is rather complicated and resource must be 
had to tests to determine the characteristics of various types. 
Two ways of testing are open, namely, by means of models or by 
testing hoods on actual turbines in operation. In either case, 
the test consists of measurements of the annulus static pressure 
together with the steam flow through the last stage wheel. 

Of the two means, the model tests are easier and more in- 
structive. We are able to make models from !/¢ to 1/12 size or 
smaller, depending upon the size of the actual hood in question. 
We test these models using air as the flowing fluid, and are able 
to observe very closely the flow characteristics. This can, of 
course, be done in advance of the construction of the f ull-sized hood 
in the factory. 

Any model tests should be checked if possible on the actual 
full-sized apparatus and we have been able to check in this case 
by making annulus pressure measurements in actual turbines 
operating in some of the power stations in the country. The 
agreement between model and full-sized hood is very good and 
justifies the model tests. 

The curve marked “total loss” in Figs. 13 and 14 can be checked 
as to shape by still another means which is open to us. A tur- 
bine can be operated under test conditions so that the weight 
flow through the last stage buckets is at a constant rate. Then 
the turbine condenser pressure can be varied by bleeding air to 
the condenser, or by other means, and the variation of turbine 
output can be measured. This variation of output is really a 
difference between the change in available energy due to the 
change in exhaust pressure and the change in exhaust loss oc- 
casioned by the change in exhaust volume flow. The change in 
available energy is readily calculated from the steam chart, 
leaving a change in exhaust loss determined. Whenever pos- 
sible, therefore, we obtain these variable vacuum curves at 
constant flow, as valuable aids and checks on our calculation 
methods. It isnot always possible, since turbines of moderate and 
large capacities must be tested, if tested at all, in the operator’s 
power station and operating conditions or other factors may 
make extended tests impracticable. 

It is evident from the foregoing that means of testing have been 
developed and are used for checking and substantiating the 
methods of exhaust loss calculation as presented by Mr. Robin- 
son. 


H. V. Rasmussen.’ The author has written a very interesting 
paper which is of vital interest to the turbine designer, as the 


8 Turbine Engineering Department, General Electric Co., Schenec- 
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dimensioning of the last spindle row and the turbine-exhaust 
casing has a deciding influence on both the turbine performance 
and the manufacturing cost. 

If a turbine element in the high-pressure end of a turbine is not 
very efficient, up to one-half the losses may be recovered in the 
rest of the turbine due to reduced moisture and increased heat 
drop, but losses in the exhaust end of a turbine are irretrievably 
lost to useful work. Any improvement obtainable in the ex- 
haust end will have a direct bearing on the over-all performance of 
the turbine. 

While the performance of a turbine is improved by a large 
last-row annulus with a correspondingly low kinetic leaving loss, 
the manufacturing cost of a turbine goes up rapidly with the 
increase of the dimensions of the last row. Also, blade and 
spindle stresses place a definite limitation on the physical dimen- 
sions involved. A proper compromise between these various 
factors must, therefore, be established in practical turbine design. 

The present tendency toward large single-cylinder turbines 
makes it necessary to employ high peripheral blade speed in the 
last row, with a resulting high steam speed and a large kinetic 
leaving loss. The place for improvement, consequently, is in the 
exhaust casing which should be designed to offer the smallest 
possible resistance to flow from the last-row annulus to the exhaust 
opening. 

It would be interesting to know how the author arrived at the 
annulus pressure drop shown on Figs. 5 and 7, and also how it was 
established that some exhaust casings are actually diffusing. 
Measurements on actual turbines are very difficult to obtain as 
they involve measurements of static pressure in the high velocity 
jet. Some attempts were made to measure the pressure drop 
in an exhaust casing of a large Westinghouse turbine by tapping 
the cylinder casing at various points in the cover and base. 
No conclusive results were obtained from this investigation as it 
was obvious that a velocity head created by the steam impinging 
against the measuring hole obscured the results and, at the very 
best, these measurements would only record the pressure exist- 
ing at the periphery of the casing. They could not disclose the 
pressure distribution in the middle of the casing. Measurements 
with pressure-measuring tubes, such as the Fechheimer tube, were 
given up as impracticable, as the moisture in the steam would 
partly fill the passages and cause incorrect readings. 

Another approach to this problem is to conduct tests with 
small-scale models. A number of exhaust model experiments for 
various exhaust-cylinder designs were run by the Westinghouse 
Company. Wooden models of the exhaust casing were made to 
1/3 of full size and air was blown through the models. A rotating 
blade row, mounted on a disk and driven by a motor, represented 
the last spindle row. Pressure measurements were taken with a 
Fechheimer tube at a number of points around the blade annulus 
and the velocity distribution over the exhaust opening was 
recorded with a Prandtl impact tube. 

These experiments disclosed a number of interesting facts. 
First of all, it was found that steam is distributed most unevenly 
throughout the casing and the exhaust opening. The steam 
clings to the generator side of the exhaust casing and also crowds 
this side of the exhaust opening, while the part of the exhaust 
opening that is nearest to the turbine is hardly filled. If a part 
of the exhaust opening is located under the bladed part of the 
cylinder, the pressure drop through the casing will increase con- 
siderably. 

The tests also showed that ribs and steam deflectors in an 
exhaust cylinder might improve the distribution of the steam over 
the exhaust end, but generally accomplishes this at a cost of an 
increased pressure drop from the last row to the exhaust opening. 
The older exhaust-cylinder design with a number of separate 
passages from the last row to the exhaust opening had thus a 


considerably larger pressure drop through the casing than the 
bare exhaust cylinder. However it was found possible to design 
a deflector that was shaped as part of a rotative body and 
that reduced the pressure drop as it diminished the concentra- 
tion of flow at the condenser side of the exhaust opening. 

The pressure measurements around the periphery showed a 
somewhat similar distribution to that shown on Fig. 7 of the 
author’s paper. 


Ronap B. Smiru.!® Low-pressure end losses consist of fric- 
tion due to wall resistance and curvature losses in the exhaust 
hood, and eddy friction resulting from the attempt to convert 
kinetic energy at the blade annulus to potential energy at the 
condenser flange. Physically these losses are an evaluation of the 
well-known relation 
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in which R is the total low-pressure end loss, 7 the enthalpy of 
the steam, A the Joule conversion factor, with the subscripts 
1 and 2 referring to conditions at the exhaust annulus and the 
exhaust flange, respectively. In the design of the exhaust we 
are faced with four characteristic solutions of the relation ex- 
pressed by Equation [1]. First, there may be complete recon- 
version of the kinetic energy at the exhaust annulus into poten- 
tial energy. In this case we have an isentropic change in which 
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and the low-pressure end losses AR become zero. ‘This inter- 
change of energy is contrived through a completely reversible 
process and while it represents the ideal in achievement it is, 
in the light of our present knowledge of the physical laws, quite 
beyond the realm of possibility. 

The next possible solution to Equation [1] lies in the recon- 
version of a portion ofthe kinetic energy of discharge by a diffusor- 
shaped exhaust chamber. It is represented physically by the 
boundary condition p, > p: and by (#2 — %) > A f vodp.  Prae- 
tically, this solution is the aim of all good designs since the total 
low-pressure end losses become less than the leaving-velocity 
loss at the blade annulus. Unfortunately, mechanical restric- 
tions, imposed largely by the purchaser, have prevented many 
exhaust-end designs of this type in the United States, although in 
Europe the practise is used frequently to advantage. 

A solution almost akin to the one just described lies in a partial 
reconyersion into pressure which is subsequently lost through wall 
friction in the exhaust chamber. In this case p1 = po, and the 
low-pressure end loss is equal to the kinetic energy of the fluid 
from the last-blade annulus. This assumption was widely used 
in turbine design up to the past few years but increasing demands 
for economy have necessitated a solution more in keeping with 
the actual condition. 
complete loss of the kinetic energy of discharge but in an addi- 
tional pressure drop as well (p2 < pi). In this case the A iki vdp 
is negative. This is the condition to which the author devotes 
himself, and while far from the ideal it is at present the most 
common. The real problem in this design lies in the determina- 
tion of the pressure drop. Since measurements on actual ma- 
chines are practically impossible, models are usually prepared. 
However, the requirements of similarity are not wholly satisfied 
in the model due to the extreme velocity and pressure conditions 
that exist in the usual exhaust end. 
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As the author has already pointed out an expression for the 
low-pressure losses in per cent of the adiabatic enthalpy change 
means little unless one is familiar with the type of cycle. A 
term more closely representing the efficiency of the low-pressure 
end design proper would be the ratio of the average kinetic 
energy at the exhaust flange to the total frictional loss. 


Equation [2] is 2 me .sire of the designer’s skill, and for the 
perfect diffusor has «. value of 


nezh = 100 per cent. 


In the 35,000-kw machine described by the author the net 
annulus area appears to be 31 sq ft. Assuming that the exhaust- 
flange area is about 31/0.4 = 78 sq ft, the average kinetic 
energy at the exhaust is 6.7 Btu at fullload. Then the efficiency 
of the exhaust end proper is 7eza = 26.5 per cent. The corre- 
sponding loss based on the adiabatic enthalpy change is about 
4.9 per cent. These two factors would appear to define fully the 
conditions at the low-pressure end. The exhaust efficiency repre- 
sented by Equation [2] is a measure of the relative merit of the 
exhaust hood, and to the designer it represents the internal ef- 
ficiency of the low-pressure end. The conventional leaving loss 
on the other hand shown in Figs. 13 and 14, represents the low- 
pressure frictional losses in respect to the total available energy; 
it determines whether efforts to improve the exhaust end ef- 
ficiency 7eza are justified from the standpoint of economy. 


C. R. SoprrBerc.!! Turbine designers will welcome this 
paper on a subject which has always represented an important 
question in the art. Very little of the material as presented can 
be regarded as controversial, and the writer will limit himself to a 
brief discussion of a few points. 

The leaving loss is undoubtedly one of the most important 
single items in condensing turbines, particularly because it can 
be influenced to a considerable extent by modifications in design, 
specifically by the size of the exhaust annulus. A similar in- 
vestigation was made sometime ago by Prof. A. G. Christie and 
presented at the 2nd World Power Conference in 1930.1? This in- 
vestigation, as well as the one covered by the present paper, 
neglects another loss item which is of the same significance and 
which must be considered in connection with the leaving loss. 
This is the loss caused by the moisture in the low-pressure end of 
condensing turbines. Very little reliable information exists as 
to the magnitude of the latter loss, but some of the results ob- 
tained recently by the Westinghouse Company indicate that it is 
often greater than the leaving loss. In particular, it is in- 
creased rapidly with the peripheral speed. If the leaving loss is 
reduced by an increase in blade annulus, this reduction is accom- 
panied by an increase of the moisture loss which may, in certain 
cases, more than offset the reduction of leaving loss. 
With this fact in mind, it is impossible to arrive at an economical 
size of exhaust annulus without injecting the moisture loss. 
Supersaturation, on the other hand, can generally be disregarded, 
at least for the moisture contents now common in condensing 
turbines. 

The author has properly emphasized the importance of in- 
cluding in the leaving loss the losses in the exhaust hood. The 


11 Manager, Turbine Apparatus Division, Westinghouse Elec. 
and Mfg. Co., South Philadelphia Works, Philadelphia, Pa. Mem. 
A.S.M.E. 

12 “Beonomie Considerations in the Application of Modern Steam 
Turbines to Power Generators” by A. G. Christie. Second World 
Power Conference, 1930. 


FSP-56-10 525 


benefit of a generously dimensioned exhaust annulus may be lost 
unless the hood is properly proportioned and dimensioned. 

It would be of great interest to know by what means the pres- 
sure distribution shown by Fig. 7 was obtained. We have made 
attempts at similar measurements and have been forced to con- 
clude that it is exceedingly difficult to get the pressure readings 
inside the exhaust of an actual turbine. Fig. 7 indicates a de- 
gree of precision which I know is very difficult to reach. 


AvuTHOR’s CLOSURE 


In concluding this discussion, it seems necessary first to set 
down the distinction between the leaving-velocity and exhaust 
loss on the one hand and the vacuum corrections applicable to 
the turbine-performance curve on the other hand. This paper 
has confined itself entirely to the former which is supposed to 
occur in the exhaust hood between annulus and exhaust flange. 
In preparing the vacuum corrections showing the variation of 
turbine performance with changing back pressure at the exhaust 
flange, it is necessary to take account of all other contributing 
or interrelated effects, whether or not they are parts of the loss 
in question. It is, of course, true that in many cases the vacuum 
corrections consist almost entirely of leaving-velocity and ex- 
haust loss but the distinction is very real. Operators generally 
are interested in the vacuum correction. The leaving loss, as 
such, has always seemed to us a matter of interest particularly 
to the designer. It is one of the most important elements in- 
fluencing turbine performance. 

Mr. Caldwell is inclined to doubt the continuance of load 
growth. It is true that there has been a five-year cessation in 
this matter but it is also true that in many areas with favorable 
rate structures the per capita consumption of electricity is several 
times what it is in some of our largest metropolitan centers. In 
our opinion, any system that has the courage to look ahead 15 
or 20 years may expect a load growth to two or three times its 
present size. While the annual percentage increments may fall 
off, it is likely that the actual kw increments may increase. Cer- 
tainly the use of electricity is going to increase whether the pres- 
ent systems furnish the power or whether it is to be supplied in 
some other manner. 

Professor Christie raises the question as to the desirability of 
incorporating diffuser exhaust hoods in all turbines and this mat- 
ter is also touched upon by Mr. Smith. This question is largely 
an economic one and it is not easy to answer it briefly. However, 
this much may be said: that such diffusing hoods as are now in 
existence have that property as a by-product of other features of 
design and were not so made for that reason alone. The design is 
usually expensive and justified only under special conditions. 

The author’s remarks on supersaturation were based on the 
findings of the General Electric Company as set forth by Pro- 
fessor Goodenough in his published report in 1927. It must be 
admitted that the true condition is still a matter of argument 
but undoubtedly more specific analyses will be available in the 
future. Probably we should not have said it could be “neg- 
lected.”” When a manufacturer bases his promises on well-es- 
tablished past performance, it is impossible for him to neglect 
anything. But, on the other hand, the more specific his analy- 
sis, the greater are his opportunities to improve design. 

Professor Christie also asks about the true end-point of the 
condition curve. It seems to the author that that is given by 
the exhaust heat and the exhaust pressure and that it is the only 
point definitely known except that fixed by the initial conditions. 
Given the initial conditions, known performance gives the end 
point. All intermediate points must be estimated by design 
technique and the better they are filled in, the better may they 
be used for improving design. For instance, to get back to the 
wheel exit, it is necessary to divide the exhaust heat between 
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pressure-volume energy, temperature energy, velocity energy, 
and if there is supersaturation, it may be necessary to include 
surface-tension energy. As a short cut from the true end-point 
to the wheel exit, one might draw a horizontal line to the left to 
annulus pressure and thence down the pressure line so as to de- 
duct the velocity energy fraction of the leaving loss. That 
would locate what might be called the “chart condition” of the 
steam at the wheel exit, which would be useful to give the mois- 
ture content. This is to be distinguished from what would be 
the end-point of the machine if it had zero-leaving loss. The 
important point in this matter is to base predictions upon exactly 
the same conventions used in analyzing performance. 

Mr. Crocker has pointed out how necessary it is for an operator 
to have all the essential information about his machine. Cer- 
tainly the manufacturer intends to furnish all such information 
and if it has not been done in the past, that must have been due 
to a misunderstanding of the needs in the particular case. 

Mr. Franck has called particular attention to a number of 
items and rightly expresses his concern about the flow area of 
the last row of blades. That is usually the most important fea- 
ture of all, and, if the author did not show proper concern about 
it, that was because of its general recognition. Mr. Franck’s 
remarks about the effects on the preceding stages help to bring 
out the distinction which is necessary between the total net effect 
on turbine performance of a change of vacuum, and the leaving- 
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velocity and exhaust loss by itself. Although the distinction 
might be thought of as only a matter of definition, it is none the 
less important. 

Mr. Hiebeler points out the important effects of varying cool- 
ing-water conditions on the vacuum and consequently on the 
magnitude of the leaving losses. The diagrams in the paper have 
been based on 1 in. Hg abs back pressure. There is a certain 
back pressure below which better vacuum fails to yield any more 
power. Refrigeration, in itself, is detrimental. In deciding 
how much water to pump it is necessary for an operator to bal- 
ance his pump requirements and refrigeration losses against the 
additional power shown by his vacuum corrections. 

Mr. Knowlton’s discussion anticipates the questions raised 
by Messrs. Rasmussen and Soderberg about the pressure meaure- 
ments in exhaust hoods as shown in Figs. 5 and 7 and it does not 
seem necessary for the author to add anything further on that 
subject. 

Mr. Soderberg also mentions the importance of proper consider- 
ation of moisture losses and here again it may help in clarifying 
the situation to point out that moisture effects have been consid- 
ered in the paper only in so far as they affect the leaving-velocity 
and exhaust loss itself. Changing degrees of moisture in pre- 
ceding stages affect the turbine performance and have to be con- 
sidered in predicting vacuum corrections but such effects are 
not a part of the leaving loss even though in part due to it. 
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Performance of Cutting Fluids When 
Sawing Various Metals 


By O. W. BOSTON? anv C. E. KRAUS, ANN ARBOR, MICH. 


This paper presents the results of a series of tests con- 
ducted on a Peerless high-speed, 9-inch-capacity hacksaw. 
Two types of tests were run: The first to determine the in- 
fluence of four typical cutting fluids on the wear of the 
teeth of tungsten-steel hacksaw blades, the second to de- 
termine the influence of eleven cutting fluids on high- 
speed-steel blades when sawing each of eight different 
metals. 

The time required to saw through a 1'/,-inch-square 
section of each metal was obtained and used to indicate 
the performance of the cutting fluid. In these tests high- 
speed-steel hacksaw blades were used, inasmuch as they 
retained the initial degree of sharpness without visible 


/ j NHE object of this paper is to present the results of a series 
of tests in power hacksawing when cutting eight metals 
with each of eleven cutting fluids, to show the influence of 

the various cutting fluids on the time rate of cutting. Data are 


TABLE 1 


change throughout the test. The comparative tests were 
run at constant speed and constant feeding pressures. 

It is shown that a mineral-lard oil causes the tungsten- 
steel blades to wear fastest. Plain mineral oil produces 
the next fastest degree of wear, followed in order by an 
emulsion and a sulphurized mineral oil. The sulphurized 
mineral oil permitted the least degree of dulling on the saw 
blades and, at the same time, kept the sawing time to a 
time below that for any of the other cutting fluids. Cut- 
ting fluids produced a rather wide variation in cutting time 
when cutting steels, but gave more uniform values when 
cutting aluminum, malleable cast iron, cast iron, and 
brass. 


Tse Mareriats TESTED 
The materials selected for this series of tests consisted of eight 
ferrous and non-ferrous metals representing types commonly 
used. The various bars with their physical and chemical char- 


THE EIGHT METALS USED IN THE HACKSAW TESTS 


Hardness Numbers ———Physical Properties-—\ 


Rockwell Yield Ultimate Elongation 
Bare (100 Kg point strength (per cent 
ea 1/3 in- in % 
No. Section (in.) Material Heat treatment Analyses pan PoE as ey a aa ae 
AF 11/2 X 2 Aluminum alloy Al Cu Impurities 
S.A.E. 33 Chillcast 91.0 8.0 37.5 TOL ee, ee 

BF 13/s X 13/4 Leaded free-cut- Extruded and Cu Zn Pb Fe 

ting brass drawn 61.75 35.0 3.21 0.04 66.0 100 34,700 51,800 43.5 

Cc Si Ni Mao 
CF 13/44X 4 Cast iron Cast 3.44 2.62 0.986 0.478 83.5 RY o BAO © oreite 
1 
eee? Gai) p> Ma, <8 

DF 13/1 X 4 Malleable cast )48 hr at 1550- 2.46 1.00 0.163 0.26 0.071 71.0 AS. Meee |  seKereis 

iron 1625 F (Analysis of hard iron) 

641/2 hr to cool 
to 1200 F 

KF 2x6 S.A.E. 3150 Annealed Cc Ni Cr P Mn 8 

steel 0.50 1.16 0.62 0.022 0.68 0.023 86.0 196 66,140 114,200 26.0 
EF 13/4 xX 4 S.A.E. 1020 Annealed Cc P Mn s 

steel 0.22 0.011 0.52 0.026 65.0 ag Wg eran oe Cie 
FF 13/4 xX 4 S.A.E. 1035 Annealed Si Mn s 

steel 0.38 0.18 0.017 0.53 0.031 75.0 i eo eo 
MF 13/2 X 11/2 S.A.E. 1112 Cold drawn Cc Mn Ss 

steel 0.09-0.13 0.08-0.40 0.7-0.9 0.085-0.120 89.5 217 Hoot bale Opo 


presented to show the characteristics of the cutting fluids when 
used with each material. The wear on high-speed-steel and 
tungsten-steel hacksaw blades has been observed as indicated 
by the increase in time to cut a given cross-sectional area of a 
free-cutting steel, S.A.E. 1112, with three typical cutting fluids. 


1 Progress Report No. 5 of the A.S.M.E. Special Research Com- 
mittee on the Cutting of Metals, Subcommittee on Cutting Fluids, of 
which C. J. Oxford‘ is Chairman. 

2 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. Prof. Boston was graduated from the University 
of Michigan, Engineering College, in 1913, received a master’s degree 
in 1917, and the degree of mechanical engineer in 1926. After 
graduation he was engaged at the university as instructor in engi- 
neering mechanics and mechanical engineering for four years. In 
October, 1917, he was commissioned in the U. 8. Navy and assigned 
to duty in the Bureau of Ordnance on design and manufacture of 
submarine mines used in the North Sea Blockade. From 1919 to 
1921 he was engaged in industrial engineering work for the Cleveland 
Tractor Co., in Cleveland, as assistant to the vice-president and works 
manager. In the fall of 1921, he returned to the University of 
Michigan, where he is now professor of shop practise and director 
of the department of engineering shop. Heis author of many papers 


acteristics are shown in Table 1. In the hacksaw tests, all bars 
were machined to a section 11/2 inches square from the original 
size of the castings, forgings, or cold-finished bars listed in this 
table. 


dealing with the subject of metal cutting and is serving on several 
committees dealing with cutting fluids, and standardization and 
nomenclature of small tools and machine-tool elements. 

3 Assistant to Professor Boston, University of Michigan. Jun. 
A.S.M.E. Mr. Kraus received his bachelor of science degree in 
mechanical engineering from the University of Michigan in June, 
1932. He is now continuing work on his master’s degree at the 
University, and is an instructor in the department of engineering 
shop. 

4 Chief Engineer, National Twist Drill and Tool Company, De- 
troit, Mich. Assoc. A.S.M.E. 

Contributed by the Special Research Committee on the Cutting of 
Metals and presented at the Annual Meeting, New York, N. Ve 
December 4 to 8, 1933, of Tam AMERICAN Socirnry or MrcHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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TABLE 2 PROPERTIES OF CUTTING FLUIDS USED? 
100 130 


Per cent compounding 
by analysis 


Base of 
mineral 
oil 


Composition 


Dry cutting...... 


by weight of 


borax in water...........- 
1 part soluble oil in 50 parts 


1 


11/2 per cent 


31 


1.19 borax 
2.3 soluble oil 


WACO ay Oe ches c heres eisvenaee ota 
1 part soluble oil in 10 parts 


3 
3 


“445, 


23.7 0.9117 


110 


32 
200 


23-13.6 F.F.A.> 


37 soluble oil 
4 fat 


8 
12 


Sy GOI aye rateraisinrs phates ele) oleeins 
Bier LISP: Ollie x sjam cyst vatecote 


0.4510 0.5149 0.6438 0.8738 0.8448 0.7852 


0.4500 0.5142 0.6430 0.8724 0.8440 0.7845 
0.4490 0.5137 0.6417 0.8695 0.8400 0.7818 


0.4630 0.5290 0.6612 0.9052 0.8750 0.8145 


23/4-3, 3 


-305 375 2-21/4, 21/2-3 


29.4 0.8794 25 355 


104 45.5 23.0 0.9159 Oto—15 340-350 390 


69 40.5 23.5 0.9129 Oto—30 320 
67 41 


111 
209 
101 


10.12 lard oil 


Mixed 
Mixed 
Paraffin 
Paraffin 


lard oil in 


mineral oil-........-..+-- 
9 5 per cent oleic acid in mineral 


6 Light mineral oil............ 
7 Heavy mineral oil........... 
10 per cent No. 1 


8 


0.5284 0.6610 0.9048 0.8748 0.8138 


0.4459 0.5096 0.6374 0.8620 0.8344 0.7752 


0.4624 


3.5 
Black 


295 
285 


25 


65 40.5 29.2 0.8805 25 
67 40 21.6 0.9242 Oto 


97 
105 


4.90 oleic acid 
4.38 sulphur 
2.34 sulphur 


Asphaltic 
Mixed 


OL ate cone hte eke att mo otete eee ele 


10 Sulphurized mineral oil...... 


hurized lard oil blended 
Liou? sci 


with 5 parts mineral! 


Sulp 


ll 


0.5190 0.6490 0.8837 0.8548 0.7942 


0.4542 


Black 


355 


25 to 20 


67 41.5 25.4 0.9018 


4.43 F.F.A. sulphurized 102 


13.94 fat sulphurized 


@ From “Performance of Cutting Fluids,” by O. W. Boston and C. J. Oxford, A.S.M.E. Trans., vol. 53, 1931. 


b F.F.A. is free fatty acids. 
¢ Specific heat C computed 


@ Thermal con 


k is in units of Btu per hr per sq ft 


temperature of fluid in deg F; 


specific gravity of oil at 60 F. 


specific gravity of the oil at 60 F, ¢ 


e of fluid in deg F, and d 


temperatur 


,in which d 


0) (2.10 — d)/2030, in which t 
(0.813/d) [1 — 0.0003 (t — 32) ] 


from formula C = (t + 67 


ductivity & computed from formula k 


per in. per deg F. : 
e American Petroleum Institute. 


f National Petroleum Association. 
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Tue Courtine Fiurips 


Eleven different cutting fluids were selected as representing 
the various classes found in general commercial use. They are 
listed in Table 2, together with their various properties. These 
cutting fluids have been used in previous tests on planing,°® 
drilling,®* and milling.” 


Tue Trestina EquIPpMENT 


A Peerless power hacksaw was used in the tests. It was a 
standard high-speed machine with a capacity of 9 by 9 in. anda 
6-in. stroke. A 1!/:-hp motor mounted on the machine drove 
through a short belt to the tight and loose pulley. The saw made 
120 strokes per minute. Thesaw blades used were of high-speed 
steel (Starrett Company No. 852) 17 in. long, 1 in. wide, and 
0.065 in. thick. They had six teeth per inch with the set of the 
teeth one right, one left, two straight, etc., and cut a kerf 0.082 


in. wide. A new hacksaw blade was used for each cutting fluid. 
% 
S 
= 300 
x 
& 250 
g 
200 
i~ 
© 
2 /50 § 
> 
G 100 S@/n. OF MeTAar SAweo 
225| 45 \675 | 90 |”25| 135 o75 | 


70. 20.30 40 50 60 70 
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Fig. 1 Werar on Hacksaw Buape 


(The wear on a power hacksaw blade when cutting 11/2-in.-square sections 
of S.A.E. 1112 steel on the 9 X 9 in. Peerless hacksaw operating at 120 
strokes per min with a feed pressure of 119 lb. For curve 3, a high-speed- 
steel saw blade, 6 teeth per in., was used with cutting fluid No. 3. For 
curves 3b, 6b, 8b, and 10b, a tungsten-steel blade was used: 12 in, long, 
3/<in. high, 0.049 in. gage, with 14 teeth per in., set right, left, straight, etc.) 


The feed-pressure lever of the machine, which controlled the 
tension in the feed spring, was fixed in the twelfth notch from the 
bottom of the total of 23 notches in the ratchet. This setting 
was not changed during the course of the tests. The feeding 
pressure between the saw and work was measured carefully and 
was found to be 119 lb, equivalent to 13.2 Ib per tooth for six 
teeth per inch. These feed pressures are maximum values, that 
is, the values for that point when the feeding finger has just 
caught another notch on the ratchet. The time required to saw 
a slice approximately 1/s-in. thick from the end of the various 
11/,-in.-square bars was found for each cutting fluid by means of 
a stopwatch. 


Tue Hacksaw TEsts 


Dulling Tests. The wear is indicated by the increase in saw- 
ing time per section in minutes as plotted in Fig. 1 over the serial 
number of the section cut and the total sq-in. area of metal 
cut. The results of some wear tests on tungsten- and high-speed- 


50. W. Boston and C. J. Oxford, ‘‘The Performance of Cutting 
Fluids,” A.S.M.E. Trans., vol. 54, 1932, paper MSP-54-2; Sub- 
committee on Cutting Fluids, Report No. 3. 

6Q. W. Boston and C. J. Oxford, ‘‘The Performance of Cutting 
Fluids When Drilling Various Metals,” A.S.M.E. Trans., 1933, vol. 
55, paper RP-55-1; Subcommittee on Cutting Fluids, Report No. 4. 

70. W. Boston and C. EB. Kraus, ‘The Elements of Milling,” 
A.S.M.E. Trans., 1932, vol. 54, paper RP-54-4. 


RESEARCH 


steel hacksaw blades when cutting bar MF, S.A.E. 1112 steel, 
are given in Fig. 1 for each of four cutting fluids: the 50 to 1 
emulsion, No. 3; the straight mineral oil, No. 6; the mineral- 
lard oil, No. 8; and the sulphurized mineral oil, No. 10. Curve 
3 was first obtained using a high-speed-steel blade having six 
teeth per inch with a No. 3 cutting fluid. The sawing time of 
the high-speed-steel blade was found to increase uniformly from 
about 1.3 to 1.4 minutes in the first thirty cuts, during which 
time it sawed through 67!/2 sq in. of metal. From this point to 
the sixty-fifth cut, when the test was stopped, there was no ap- 
preciable change in cutting time. The blade was examined 
after the tests and showed no visible signs of dullness. 

To reduce the time of the wear tests, ordinary tungsten-steel 
blades as described in Fig. 1 were used. Curve 3b, giving the 
time for each cut plotted over the number of the cut, was obtained 
with the tungsten-steel blade with cutting fluid No. 3. This 
shows a marked increase in sawing time up to the fifteenth cut, 
and a more gradual and non-uniform increase to the sixty- 
fifth cut, after which the time increased rapidly for each suc- 
cessive cut. The teeth at the end of the test were worn down 
about one-fifth of their height so that very appreciable flats 
were visible. The width of the set of the saw was reduced by 
wear from 0.067 in. when new to 0.064 in., or 0.003 in. One 
tooth was broken out from the leading end of the saw blade. 
It is interesting to note the difference in sawing time between 
curves 3 and 3b, due probably to the difference in tooth pressure. 

Curve 6b, Fig. 1, shows the sawing time per cut when a straight 
mineral oil, No. 6, was used with the tungsten-steel blade. The 
time of the initial cut was greater than that when cutting fluid 
No. 3 was used. The cutting time increased more rapidly than 
when cutting fluid No. 3 was used. The blade was badly worn 


NUTES 


~ 


Sewiwe Time in M1 


lo UW Sees st 2 yO tare f 6 
Currine Fiuios ARRANGED iri ORDER OF INCREASING 
SAWwine Time 
Fic. 2 Sawine Time ror Free-Currine Brass 


(The time to saw off a 1!/:-in.-square section of free-cutting brass, bar BF, 

with various cutting fluids on a9 X 9 in. Peerless hacksaw o ating at 120 

strokes per min and a feed pressure of 119 1b. A high amad-atesk hacksaw 

blade was used: 17 in. long, lin. high, 0.065 in. wide, 0.082 in. kerf, with the 

set of the teeth, right, left, twostraight, ete. The time per cut for each of the 

first three series of cuts is shown. One blade was used with each cutting 
fluid for cutting one section each of seven different metals.) 


at the end of the test, with nearly one-third of the height of the 
teeth worn off, and three teeth broken out from the leading end. 
The teeth were worn off on the side from 0.073 in. thick when 
new to 0.068 in., or a total of 0.005 in. 

Curve 8b, giving the cutting time per cut when a mineral-lard 
oil, No. 8, was used, shows the greatest rate of dulling. The 
time of the cut at the start was low, but the sawing time per cut 
more than doubled in the sixty-five cuts taken, increasing from 
1.5 minutes for the first cut to 3.3 minutes for the last cut. The 
blade showed somewhat more end wear than that used with 
cutting fluid No. 6 and had six teeth broken out, four from the 
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leading end and two from the following end. The side wear was 
0.005 in. which reduced the set from 0.068 in. when new to 0.063 
in. 

The sawing time when using the sulphurized mineral oil No. 
10, curve 10b, increases slowly up to the twentieth cut, after 
which it increases more rapidly. At the end of the test, however, 
very little end wear was apparent and no teeth were broken. 
The side wear was from 0.064 in. to 0.057 in., or a total of 0.007 
in. It is probable that the blade would have cut several times 
as much metal. 

From the curves of Fig. 1, it is apparent that a cutting fluid 
has an appreciable effect upon the dulling of hacksaw blades 
and it follows that the cutting fluid that gives a low sawing time 
when the blade is sharp is not necessarily satisfactory as the saw 


wears. It so happens that the saws requiring the greatest time 
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Currine Fluios ARRANGED I ORDER OF LHCRER SIME 
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Fic. 3 Sawtne Trowe ror Cast Inon 
(The time required to saw through a 11/:-in.-square section of gray cast iron 
bar CF, with various cutting fluids ee similar to those outlined 
m Fig. 2.) 


ee ee ee EI 


a 
150' ie 
ORR ZONS MG FSR VS ZOO OF 
Currine Fluios HeRANGED In ORDER OF LHCRER SIME 
Swit TIME 


Fia. 4 

(The time required to saw through 2 1!/rin.-square section of 8.A.E. 3150 

steel, bar KF, with various cutting duids under conditions similar to those 
outlined in Fig. 2.) 


Sawine True For S.A.E. 3150 Sree. 


for the last cut were in the most worn condition. The sul- 
phurized mineral oil No. 10 not only materially prolonged the 
life of the saw blades, but kept the cutting time for each cut 
below that of the other three cutting fluids used. 

Tests to Compare Cutting Fluids. In order to obtain results 
which would permit a direct comparison of the various cutting 
fluids, the following procedure in running the comparative sawing 
tests was used. With a new high-speed-steel saw blade and a 
given cutting fluid, a single cut through a section 11/,-in. square 
was taken on all test bars, one after the other, and the cutting 
times recorded. A second series of cuts was then taken on the 
bars in the reverse order, and a third series in the same order as 
the first. The actual time for each cut of all three series for each 
cutting fluid is shown plotted over the cutting-fluid numbers in 
order of increasing sawing time for free-cutting, cold-finished 
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TABLE 3 CUTTING TIMES FOR EIGHT METALS AND ELEVEN CUTTING FLUIDS 
Bar Material Cutting fluid numbers Total Percent- 
No. (11/2 X 11/2-in. section) 1 6 7 4 5. 9 8 11 10 time age 

Cutting time in minutes® 

AF Aluminum alloy....... 0.64 0.60 0.56 0.54 0.56 0.57 0.46 0.47 0.48 0.38 0.40 5.67 19.6 
DF Malleable cast iron..... 1.12 1.02 0.97 1.06 LO: 1.03 0.87 0.94 0.86 0.72 0.68 10.43 36 
BF Free-cutting brass...... 1.40 1.45 Le 0.90 1.00 1.00 1.03 0.90 1.25 0.85 0.67 11.56 39.9 
CF Cantinonerietces sae 1.41 1.25 1.25 1.18 1.42 1.13 1.13 1.08 1.38 0.94 0.83 13.00 44.9 
MF S.A.E. 1112 steel 1.54 1.66 1.56 1.51 1.51 1.38 1.30 1.24 1.18 1.02 1.05 15.01 51.8 
FF S.A.E, 1035 steel 2.55 2.34 2.09 2.19 2.12 2.02 2.00 1.88 1.72 1.40 1.41 21.72 75 
KF S.A.E. 3150 steel....... 3.40 3.10 2.79 2.85 2.15 2.77 2.51 2.59 2.32 1.89 1.87 28.19 97.3 
EF S.A.E. 1020 steel....... 3.55 3.25 2.92 2.90 3.00 2.50 2.57 2.55 2.38 1.71 1.65 28.98 100 
Total tue eerie ec « ear els eee 15.61 14.67 13.26 13.13 12.98 12.40 11.87 11.60 11.57 8.91 8.56 aoe 
Percentage. seceiraa 6 cose veces 100 94 85 84.2 83.2 79.5 76 74.4 74.1 57.1 54.9 


@ Lengths of time tabulated are the averages of the first three cuts taken in each series as shown in Figs. 2, 3, and 4. 
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Meracs ARrranceo IN ORDER oF INCREASING TIME FoR Dry SAWING 


Fic.5 Powrr Hacksaw Curtine Trsts 
(The time required to cut off a 11/2-in.-square section of eight different 


metals is shown, when cutting with various fluids on a Peerless high-speed 
standard-type hacksaw having a 9 X 9 in. capacity and operating at 120 
strokes per min with a feed pressure of about 119 1b. A No. 852 Starrett 
high-speed-steel saw blade was used: 17 in. long, 1 in. wide, and 0.065 in. 
thick, 0.082 in. kerf, with six teeth per in., set right, left, two straight, etc. 
The experimental values are the average of the first three cuts of each ma- 
terial. The cutting fluids used were as follows: 
1—Dry cutting 
2—Water containing 11/2 per cent borax 
3—1 part soluble oil to 50 parts water 
4—1 part soluble oil to 10 parts water 
10—Sulphurized mineral oil 
11—Sulphurized lard-mineral oil.) 


brass in Fig. 2, cast iron in Fig. 3, and S.A.E. 3150 steel in Fig. 4. 

It was found that the time for each cut of the first series of 
cuts on most metals was lower than the corresponding time per 
cut in the second and third series. For example, in Fig. 2 are 
shown the lengths of time per cut for the first series of cuts as 
well as the second and third series. The individual times of the 
first series are below those of the second and third series of cuts 
and the curve itself is not similar to the other two. Close agree- 
ment between the points of the first, second, and third series of 
cuts for each oil is shown in Fig. 3 for gray cast iron and in Fig. 4 
for chromium-nickel steel. The corresponding curves for alumi- 
num, malleable cast iron, and 8.A.E. 1035 steel are in very close 
agreement. The curves representing the first series of cuts in 
S.A.E. 1112 steel and S.A.E. 1020 steel are about ten per cent 
below those representing the second and third series which, for 
each steel, are about equal. 

There appears to be a progressive increase in sawing time as 
the blades are used, though visibly they showed no dulling, even 
after all tests were completed. The fact that the lines repre- 
senting the second and third series of tests do not coincide more 
nearly may be due to progressive wear on the saw blade while 
making the cuts. One blade was used for each different cutting 
fluid, and there may have been some slight difference between 
one blade and another. This is not particularly apparent from 
the results of the second and third series of cuts in Fig. 2, nor 
do inconsistencies in Fig. 2 appear to be duplicated in Figs. 3 and 
4 or for the other metals cut. It is of interest to note that the 
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Merars ARRANGED IN ORDER OF INCREASING TIME FOR Dry Sawine 


Fic. 6 Power Hacksaw Currine Tests (CONTINUED) 


(The time required to cut through a 11/2-in.-square section of each of eight 
different metals is given when cutting with additional cutting fluids, under 
conditions otherwise the same as outlined in Fig. 5. The cutting fluids used 
were as follows: 


1—Dry cutting 

5—No. 2 lard oil 

6—Light mineral oil 

7—Heavy mineral oil 

8—Light mineral oil containing 10 per cent lard oil 
9—Light mineral oil containing 5 per cent oleic acid.) 


first series of cuts vary to the greatest extent from the average 
of the three series in every case. 

The averages of the cutting times for the first three cuts for 
each metal and cutting fluid are tabulated in Table 3. 


Discussion OF COMPARATIVE TESTS 


The metals are arranged in the vertical column of Table 3 in 
the order of increasing average time required to saw off a 11/2- 
in-square section. The order holds for all of the cutting fluids, 
although one of the time values is out of order for several cutting 
fluids, particularly for the free-cutting brass. The cutting fluids 
are arranged horizontally from left to right in order of increas- 
ing time. 

The total time to cut one section of each metal with each cut- 
ting fluid is shown in the vertical column at the right. With 
28.98 minutes total for S.A.E. 1020 steel representing 100 per 
cent, the proportional cutting time in per cent is shown for each 
metal. Aluminum is seen to cut in the least time of 5.67 minutes 
or 19.6 per cent of the time required to cut the S.A.E. 1020 steel. 

The total cutting time for each cutting fluid on all metals is 
summarized at the bottom of the table. These values, also, are 
expressed in per cent with the maximum time of 15.61 minutes 
for dry cutting, No. 1, representing 100 per cent. Cutting fluid 
No. 10, sulphurized mineral oil, is shown to reduce the cutting 
time of all metals to 8.56 minutes or 54.9 per cent of that for dry 
cutting. It is seen that the sulphurized oils, Nos. 10 and 11, 
give the lowest average cutting-time values for all metals as a 
whole, with the mineral-lard oil, No. 8, next. The two straight 
mineral oils, Nos. 6 and 7, give the highest values next to dry 
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cutting. The water, No. 2, and the emulsions, Nos. 3 and 4, 
are seen to give rather intermediate values. 

The average of the first three cuts for each cutting fluid and 
material is shown plotted in Figs. 5 and 6. In Fig. 5, the heavy 
line represents the length of time for cutting the various metals 
dry, cutting fluid No. 1. Corresponding times for the water 
compounds, cutting fluids Nos. 2, 3, and 4, together with the 
sulphurized oils, Nos. 10 and 11, also are shown. In Fig. 6, the 
curve for dry cutting is duplicated and curves are added repre- 
senting the results obtained with the oils Nos. 5, 6, 7, 8, and 9. 
From Fig. 5 it is evident that dry cutting requires the greatest 
cutting time for all metals, with the possible exception of malle- 
able cast iron and gray cast iron. The sulphurized oils, Nos. 
10 and 11, produced the lowest cutting time, the values being 
almost identical except when cutting brass and cast iron, in which 
case, oil No. 10 produced slightly lower cutting times. In Fig. 
6 it is seen that the oils do not produce a wide variation in cut- 
ting time, even when compared with dry cutting. It would ap- 
pear from these two figures that the sulphurized mineral oil, 
No. 10, may, in the long run, be the cheapest cutting fluid to 
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(The influence of cutting fluids in cutting through a 1!/2-in.-square section of 
each of eight metals with a 9 X 9 in.-capacity Peerless power hacksaw, as 
outlined in Figs. 5 and 6.) 


use in sawing, inasmuch as the lowest cutting time is obtained 
for all metals and the life of the saw is greatest. 

Final summary curves representing the time required to cut 
eight materials with each cutting fluid are shown in Fig. 7. This 
emphasizes the influence of the various oils on the cutting time 
when cutting the various metals and shows the relatively small 
effect of cutting fluids when sawing aluminum and brass. 


CoNCLUSIONS 


The conclusions reached in this paper are based on fixed con- 
ditions. These are: a specific saw blade operating with a con- 
stant total feeding pressure of 119 lb and with a constant 
cutting speed of 120 strokes per minute for the 6-in. length of 
stroke. The changing of any of these three variables would, 
it is believed, influence the results obtained. Conclusions may 
be summarized briefly as follows: 


From the Dulling Tests. 


(1) It is apparent that cutting fluids appreciably affect the 
rate of dulling of hacksaw blades. 
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(2) A cutting fluid giving a short sawing time with a sharp 
saw blade does not necessarily continue to give relatively short 
times after the blade has become dull. In other words, even 
though the initial cutting time per section is less than that for 
some other cutting fluids, the cutting time for a later cut, after 
the saw blade has become dull, may be higher. 

(3) Of the cutting fluids tested, the least wear was obtained 
with sulphurized mineral oil, No. 10, while the greatest wear was 
found with the mineral-lard oil, No. 8. The emulsion, No. 3, 
produced faster cutting and a slower rate of wear than the light 
mineral oil. 

(4) The wear, as indicated by the increase in time to saw 
through a 1!/,-in.-square section of S.A.E. 1112 steel, amounted 
to 8 per cent for the high-speed-steel saw blade with 6 teeth per 
in. and 41 per cent for the tungsten-steel blade with 14 teeth 
per in. while cutting sixty-five sections. The high-speed-steel 
blade showed no visible indications of wear other than polished 
tooth points at the end of each test. 

(5) The tungsten-steel saws, requiring the greatest time for 
the sixty-fifth cut, were in the most worn condition. 


From the Comparison Tests. 


(6) Of the three series of tests made on all metals with the 
eleven cutting fluids, the first one gave the lowest length of time 
for each cut and varied most from the average of the three; 
that is, the times obtained from the second and third series of 
tests were nearly equal. 

(7) The results of the three series of tests gave the greatest 
variation when sawing leaded brass and free-cutting steel, while 
those for the other metals were very close. 

(8) A progressive increase in sawing time was noted for the 
three series of cuts: the first giving the smallest, the second 
slightly greater, and the third the greatest. The high-speed- 
steel saw blades showed no visible signs of wear at the conclusion 
of the test. 

(9) It is apparent from these tests that considerable time in 
sawing a metal may be saved by using the most suitable cutting 
fluid. 

(10) The effect of the cutting fluids varied with the metal 
sawed. The greatest variation in cutting time for the various 
cutting fluids was obtained when cutting the steels. The cutting 
time varied but little for the various cutting fluids when sawing 
aluminum, malleable cast iron, cast iron, and brass. 

(11) Of the cutting fluids tested, the sulphurized mineral oil, 
No. 10, was found to be the best; it gave the least sawing time 
and also the least wear on the saw blade. 

(12) Hack-sawing tests using cutting fluids are being con- 
tinued to determine the influence of variation in cutting speed, 
variation in feeding pressure, and variation in the number of 
teeth in the saw blade. 
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~ High-Temperature Tensile, Creep and Fatigue 


of Cast and Wrought High- and Low-Carbon, 
18 Cr 8 Ni Steel From Split Heats 


Progress Report of the A.S.M.E.-A.S.T.M., Joint Research Committee on Effect of 


Temperature on the Properties of Metals 


By H. C. CROSS,! COLUMBUS, OHIO 


Under the sponsorship of the Joint Committee, a 
comparison was made, chiefly at temperatures ranging 
from 1000 to 1200 F, of the resistance to short-time load- 
ing, to prolonged loading (creep) and to repeated stress 
(fatigue) of 18 per cent Cr, 9.5 per cent Ni, 0.5 per cent 
Mn, 0.6 per cent Si steels of 0.067 and 0.125 per cent C. 
Both carbon contents were studied in wrought and cast 
conditions and no “stabilizing”? elements were used. 
Split induction-furnace heats were poured into ingots 
for rolling and into castings. Material of known melt- 
ing history and of identical composition was thus avail- 
able in both the fine-grained (rolled) and the coarse- 
grained (cast) states. Both cast and wrought materials 
were quenched from 2000 F. 

The author describes in some detail the tests performed 
in comparing the characteristics of these steels under 
varied treatment and reports the results obtained together 
with certain conclusions which may be drawn. 


INTRODUCTION 


INCE its formation in 1924, the A.S.M.E.-A.S.T.M. Joint 
S Research Committee on Effect of Temperature on the 
Properties of Metals has carried on a program of determina- 

tion and correlation of the fundamental properties of metals at 
low and high temperatures. The results of several laboratory 
studies on carbon and low-alloy steels have previously been re- 
ported.? More recently attention has been directed also to the 
austenitic stainless and heat-resisting steels of the 18 per cent Cr, 
8 per cent Ni type, not only because of the intrinsic importance 
of that type but also, and especially, to reveal the possibilities 
and limitations for drawing generalized conclusions as to high- 
temperature behavior that will be valid both for pearlitic and for 
austenitic steels. A progress report on impact, magnetic per- 
meability, and metallographic structural stability of rolled 18-8 


1 Member of research staff, Battelle Memorial Institute. Upon 
graduation from high school Mr. Cross entered the Metallurgical 
Division of the Bureau of Standards. While so employed he at- 
tended George Washington University, being graduated in 1927 with 
the degree of B.S. in Chemical Engineering. In December, 1929, he 
joined the research staff of the Battelle Memorial Institute. In his 
work at both the Bureau of Standards and the Institute, Mr. Cross 
has concentrated on the investigation of the properties of metal at 
elevated temperatures. 

2 See reports, Joint Research Committee on Effect of Temperature 
on the Properties of Metals, Proc. A.S.T.M., 1925 to 1933, inclusive. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Committee 
on Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting, New York, N. Y., December 4 to 8, 1933, 
of Tam AmMprRICAN Socinty oF M=cHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


steels of 0.06 per cent and 0.085 per cent carbon content obtained 
as regular commercial materials, was made in 1932.3 Further 
work on other problems, using these materials, and carried on co- 
operatively in several laboratories of committee and sub-com- 
mittee members, is still in progress. 

This work and other accumulated information brought up cer- 
tain problems requiring clarification, as follows: 


(1) Data so far available indicate that, for some carbon 
steels at least, high-temperature design based on creep, 
i.e., on allowable deformation within the life of the material, 
will not result in a fatigue failure, the endurance limits at 
high temperatures being at much higher stresses than those 
for creep at say a rate of 1 per cent in 10,000 hr. Does the 
same thing hold for an austenitic steel? 

(2) Although there have been some indications to the 
contrary, considerable evidence has accumulated that in 
pearlitic steels, and especially at the upper range of tempera- 
tures, a relatively coarse structure, and a coarse cast struc- 
ture in particular, is more resistant to creep than a finer- 
grained, rolled structure. The generalization is often made 
therefore that castings are superior to rolled material for 
high-temperature service. Does this generalization neces- 
sarily hold for austenitic material? Obviously it would be 
preferable to compare cast and rolled materials from the 
same melt 

(3) Embrittlement of 18-8 steel in the temperature range 
1000 to 1400 F, usually ascribed to carbide precipitation and 
chromium depletion at the grain boundaries, is a major prob- 
lem in the utilization of the steel for high-temperature service. 
An analogous problem, often discussed in connection with 
embrittlement but not necessarily having exactly the same 
cause or remedy, is the loss of corrosion resistance in aque- 
ous corrosive media after sojourn in this temperature range. 
There has been great activity in the application of ‘“stabiliz- 
ing” elements for prevention of embrittlement and propen- 
sity to corrosion. The carbon content of 18-8 is found to 
be of extreme importance, material of the order of 0.02 per 
cent carbon, i.e., below the limit of solubility, being immune 
to deterioration, while, other conditions being equal, in- 
creasing the carbon above the solubility limit brings in- 
creased propensity toward deterioration. Hence, low- 
carbon 18-8 steel with carbon definitely below 0.07 per cent 
is classified separately from high-carbon material of say 0.10 
to 0.15 per cent C 

Nevertheless, in either class, in the absence of stabilizers, 
and as long as the carbon is above the solubility limit, car- 
bide precipitation does occur and the difference is one of 


3 Report, Joint Research Committee on Effect of Temperature 
on the Properties of Metals, Proc. A.S.T.M., FOl. 1S2;, Pt. 1, P= 
148-192. 
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degree only. In prior work of the joint committee,* on 
18-8 of 0.06 per cent and 0.085 per cent C (designated as 
K9c and K9d, respectively), both steels were found to behave 
“practically the same” as to change in impact properties at 
room temperature after 1000 hours without stress at 800 
to 1400 F, and also as to carbide precipitation and agglom- 
eration. What happens at such temperatures after long 
periods under stress? 

Inasmuch as there is evidence that the creep resistance 
of 18-8 is higher with higher carbon, the relative deteriora- 
tion in impact of high- and low-carbon grades made in the 
same way is an important problem 

(4) It is known that changes in magnetic permeability 
occur during long heating of 18-8. No direct correlation 
of these changes with impact deterioration has yet been 
found, but added information would be of interest. 


These problems called for the preparation, in the same way 
and from the same “pedigreed” raw materials, of heats of low 
and high-carbon content, the splitting of each heat into cast and 
rolled products, and the study of the four materials as to high- 
temperature fatigue and creep resistance, with attention to im- 
pact, structural stability, and magnetic properties of the mate- 
rials after having been stressed for long periods in the critical 
embrittlement range. As the study was conducted from the 
fundamental point of view, relating to the 18-8 base itself, no 
“stabilizing” element was added. 


ALLOCATION OF WORK AND ACKNOWLEDGMENTS 


The program was too extensive to be handled speedily by di- 
vision of the work among cooperating laboratories of the firms 
with which the committee and subcommittee members are con- 
nected; so funds provided by the National Electric Light Asso- 
ciation, Engineering Foundation, National Research Council, 
American Petroleum Institute, and the Alloy Casting Manu- 
facturers’ Association were applied toward the cost of casting 
the steels which was undertaken by the Babcock and Wilcox 
Company, their rolling by the Carpenter Steel Company, of 
studies of fatigue at the University of Illinois (by N. J. Alleman 
under the direction of Prof. H. F. Moore), and of creep, impact, 
etc., at Battelle Memorial Institute (by H. C. Cross and F. B. 
Dahle with the advice of H. W. Russell and H. W. Gillett). The 
funds supplied did not cover the actual expenditures for the work 
done by Babcock and Wilcox Company, Carpenter Steel Co., 
University of Illinois, or Battelle Memorial Institute, and ma- 
terial financial aid was thus given the Committee by these groups. 
Help was also given by the Union Carbide and Carbon Research 
Laboratories, the International Nickel Company, and the Super- 
heater Company in machining test materials. Short-time high- 
temperature tests were conducted by the Babcock and Wilcox 
Company and metallographic examination of some specimens 
was made by the Crucible Steel Company, Illinois Steel Com- 
pany, and Union Carbide and Carbon Research Laboratories. 

All the work was planned and carried out under the advice 
and general supervision of C. E. MacQuigg, Chairman of the 
Subcommittee on Technical Projects. 


MATERIALS 


Melting. The Committee designation for this series of mate- 
rials was “K19.” The steels were melted in ganister-lined high- 
frequency furnaces using a frequency of 960 cycles. To produce 


4H. C. T. Han, Reports of Subcommittee G, “Cooperative 
Study of Charpy Notched Bar Tests of 18 Per Cent Cr 8 Per Cent Ni 
Stainless Steels,” Proc. A.S.T.M., vol. 32, pt. 1, 1932, pp. 156-166. 

L. Jordan, “Structural Stability of 18 Per Cent Cr 8 Per Cent Ni 
Stainless Steels at Elevated Temperatures in the Absence of Stress,” 
Proc. A.S.T.M., vol. 32, pt. 1, 1932, pp. 170-192. 


the desired amount of test material, about 4500 lb was required 
per heat. The largest furnace available had a capacity of 3000 
Ib; so the charge was divided between the 3000-lb furnace and 
a 1500-Ib furnace, both parts of the heat melted and poured into 
one ladle for mixing. Approximately a third of each charge was 
scrap of similar composition to the material to be produced. 
The logs of these melts, as supplied by the Babcock and Wilcox 
Company are as recorded in Tables 1 and 2. 


TABLE 1 HEAT B-1230—MAY 13, 1932—K19H (HIGH CARBON) 


———Melt in lb 


Large Small 

furnace furnace 
VATTHCO BIG soca ccca ni nin fie iacas ie aie teim sie ss ere ale nin Sa 640 320 
Wamieo’ billetioscciaciccls ctcnrtetets oils aielelenetsisteyemaata tare 640 320 
65% ferro chromium 6 % carbon.....-.--+-+++- 30 15 
65% ferro chromium 0.06% carbon.......--+++-- 555 275 
IN1ckcel fot aeveters © iecn cue ce oeeetteceten © eva clayieie elieiene inca oreaars 185 95 
Ferro manganese, low carbon.........-++++++++> 19 9.5 
Werro SiliCO8 4) o02 cite vs,c ltr rrin ewe 8) to ere ni =r vA 3.5 
RC AD Ora py oo oi 090e wee telnet eels; 047i ona0elmausrs 0/0 m 960 400 
POG ae ee cic a oie ele shel chats teustisuer is] silefay =)elis> « volskerualateya 3,036 1,438 

Deoxidizers added: 

Calcium silicide fines.....-..:.s-e eee ee eee e rece 4 lb 2 lb 
Aluminum (block).........-2+2eeceeereceeeeers 4 04 4 oz 
Aluminum (pills)........0+-e2eces eee ee cere rene 4 04 none 


Loe or Larcp Hat 
:50—Power on 
:05—All melted, skimmed and slag added made up of 1/3 lime, 2/s ganister 
plus calcium silicide fines 
20—Power off to melt 1500 lb heat 
:15—Power on 
:35—Last one pound of calcium silicide plus 4 oz aluminum pills plus 9 lb 
ferro silicon added 
:43—4 oz aluminum block added 
-45—Ferro manganese added 
:47—Power off, temperature 3025 F 


ooo OOO WO 


Loc or SMmauy Hwa 
:20—Power on 
:15—Power off 
Temperature 3015 F 
Calcium silicide and aluminum added as in big heat 
9:59—Small heat and big heat poured into ladle 
Temperature 2940 F 
10:03—10 in. fluted ingot poured; temperature 2690 F 
8 in. fluted ingot poured; temperature 2675 F 
10:05—Balance of metal returned to 3000 lb furnace and reheated 
10:15—Temperature at pouring of No. 2 casting, 2860 F 
10:30—Temperature at pouring of No. 11 casting, 2750 F 
11/4 in. swank nozzle used; molds smoked. 


oo 


TABLE 2 HEAT B-1234—MAY 13, 1932—K19L (LOW CARBON) 


——— Melt in lb 
Large Small 


furnace furnace 

Remo: sheet fiw ccs waters Chom ctabersie ohn © sgsin os 5 opel jet ats 620 320 
Armco billets.......-c0ccsesecr ere soraeneeeene 600 300 
“KAQ2s”’ ingot crop.....- oF ee eee ee A DLOeeD 500 200 
“KA28” hot rolled tubes........+-++eeeereerees 500 200 
65% ferro chromium 0.06% carbon.........--++- 580 290 
Niokcolicg ais.ccke © clnye Datars aie alae wo tuielate mute elie ayer ie 185 95 
Ferro manganese, low carbon.......-.-+-++++++5 19 9.5 
Perro silicon’, cc. os © ce kis ow nle wi elaree oies oe Alero 8 3.5 

Potala ccs echetem dave a vias ccomatane eeterraneuabere uae 3012 1418 
Deoxidizers added: 
Calcium silicide fines 4 1b 2 1b 
Aluminum (block)......- 0 4 04 4 oz 
Aluminum (pills).......-...+++- 4 04 none 


Loa or Lares Heat 


:20—Power on 

:25—All melted, skimmed, slag added made up of 1/3 lime, */s ganister 
plus calcium silicide fines 

:30—Power off to melt 1500 lb heat 

:30—Power on 

:40—Ferro silicon and remainder of calcium silicide added 
:42—Aluminum pills added 

:48—Temperature 3030 F 

:50—Ferro manganese added and poured into ladle; temperature 2950 F 


PRP RB CO Cob 


Loe or SMauy Hear 

30—Power on 
:30—Power off 
:50—Power on for short period and poured at same time as from big furnace 
:00—Both heats poured into ladle at 2950 F 
:06—10 in. fluted ingot poured; temperature 2775 F 
‘06—8 in. fluted ingot poured; temperature 2715 F 
:22—Temperature No. 2 casting, 2890 F 
:35—Temperature No. 11 casting, 2650 F 

11/4 in. swank nozzle used; molds smoked. 
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Rolling of Wrought Material. The metal for the rolled bars 
was cast into 10-in. and 8-in. fluted ingots weighing, respectively, 


Ee 
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about 1000 and 490 lb. The ingots were rolled by the Carpenter 
Steel Company into one-inch rounds and shipped to Battelle as 
mill lengths of 9 to 11 ft marked to show carbon content and in- 
got size. A total of 2340 lb of rolled material was supplied. 

Casting and X-Ray Inspection of Cast Material. The sand 
castings were poured after the ingots. Casting temperatures 
are given in the furnace logs. The molds were baked sand and 
poured tilted at 5 deg, gate-end down. The pattern shown in 
Fig. 1 was chosen to given proper feeding and to provide bars 
long enough for fatigue testing. It was agreed upon after con- 
siderable discussion by the committee as to the most practical 
form for the purpose in hand. 


T0ooTH wo. |4)\ 3. B it 
a eg 


Fig. 1 Kert-Biock PaTTerRN USED FoR PREPARATION OF THE Cast 
MATERIAL 


The “teeth” or “‘keels” were deep enough to allow cutting two 
bars about 1 in. X 1 in. X 14 in. from each. Due to greater 
magnetic permeability of the upper part of the teeth in the case 
of the low-carbon cast material and the desire to 
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All bars were heat treated in 14-in. lengths. The cast bars 
were split to 1 in. X lin. X 14 in. before heat treatment. One 
dummy bar of 18-8 with three thermocouples inserted in holes 
reaching to the center of the bar and located at the middle and 
half an inch from each end, and a dozen of the regular bars were 
placed together on the hearth of a gas furnace with the dummy 
in the center of the row. The bars were not piled upon one an- 
other. The furnace was preheated to 1600 F before charging 
the bars, and the temperature raised over a period of about 45 
minutes until all thermocouples in the dummy bar reached 2000 
F. The bars were then immediately water quenched. The 
few air-quenched bars tested were similarly treated save for air 
cooling instead of water quenching. 

Analysis and Room-Temperature Properties. Chemical analy- 
ses as supplied by the Babcock and Wilcox Company are shown 
in Table 3. 


TABLE 3 CHEMICAL COMPOSITION OF K19 18-8 STEEL 
Low-carbon High-carbon 


heat heat 
Element K19L K19H 
Carbone iste onsen cloe curaiss pelos abyeiw ese 45 0.067 0.125 
ME aripnsiene an ats Roois ciclo a Melee, 6.9 = Siuceie was ws 0.50 0.47 
Silicate ar acic SS eto crate ata ea 0.65 0.58 
DHT ome oe Pete a etter eiaie.6 Gist ahs eyaaattors 18.21 18.50 
WiGiceh. epee ates oe va erator Oe Cities wore ciate ite 9.56 9.67 
IN binge tcl aS te GD DE Oe OO NID ODE Ota senna 0.056 0.035 


@ Average of analyses by Union Carbide and Carbon Research Labora- 
tories and Battelle Memorial Institute. These nitrogen analyses were in 
agreement to 0.001 per cent. 

It will be noted that the nickel contents are above the 8 per 
cent of the type composition “18-8.” The nickel contents of 
the K9 steels of the previous committee work were 8.50 and 9.15 
per cent. The nitrogen content of K19L appears to be some- 
what above that normally found in 18-8. 

The room-temperature properties for the materials as water 
quenched from 2000 F, averaged from several closely agreeing 
tests, are shown in Table 4. 


have all material used as nearly alike as possible, TABLE 4 
7 i 23 Yield Tensile Elonga- 
only the lower 1 in. of the teeth from the low: Fe nah, Bead Theduck on teed 
carbon castings was used in the tests herein re- Ib per Ib per % in  tionof impact, _ . 
ted Material sq in. sq in. 2 in area, % ft-lb Brinell 
ike Saat; K19HRW: High-carbon, rolled 41,000 91,000 60/2 71 107 «162 
The teeth were cut off, marked for identifi- K19LRW: Low-carbon, rolled. 36,500 85,000 611/2 7001/2 105 157 
. K19HCW: High-carbon, cast.. 31,200 64,500 59 @ 93 132 
cation, and each tooth used was X-rayed for i9LGW: Low-carbon, cast.. 28,000 64,500 66 a 92 137 


defects by Babcock and Wilcox, and tracings 
from the films were supplied to Battelle. All 
the low-carbon cast material used or examined 


@ Contour too irregular for accurate measurement because of large grain size. 


The properties of the rolled material air quenched from 2000 F are shown in 


was entirely sound. A few of the high-carbon Table 4A. 
teeth had slight defects from blowholes, ap- 
- TABLE 4A 
parently from mold gases or trapped air. The S ! 
: 7 Yield Tensile 

bars were machined at Battelle, in accordance aicengtic) strongth, Redae. 

i indi i i lb lb per Elonga- tion of 
with, ey. indications, so as to give the Material ere ee tion, % area, % Brinell 
maximum number of test bars but to exclude y9HRA: High-carbon, rolled......... 35,500 88,500 «62 701/2 «153 

K19LRA: Low-carbon, rolled......... 33,500 85,000 611/2 72 150 


the slightest apparent defect from the test sec- 
tion of every bar. No visible imperfections 
were found on machining that had not already been revealed 
by the X-rays. 

Heat Treatment. The previous lot of 18-8 (K9) used by the 
committee had been studied as rolled, air quenched (normalized) 
from 1950 F, and water quenched from 2100 F. The Subcom- 
mittee on Technical Projects first planned to study the present 
lots (K19) air quenched from 2000 F, and some rolled material 
was so treated at Battelle and a few creep tests made on it, when 
the subcommittee’ decided that water-quenching from 2000 F 
would be preferable and more representative of present practise; 
so all further creep work and all the fatigue work was done on 
material water-quenched from 2000 F. This same treatment 
was applied to both cast and rolled materials, of both high and 
low carbon. 


SurvEYs FOR UNIFORMITY 


Hardness. For determining the Brinell hardness two parallel 
flat surfaces were machined on the bars and five Brinell impres- 
sions made, three on one side and two on the other. Two read- 
ings at an angle of 90 deg to each other were made of the diame- 
ter of each impression. In the case of the cast bars the grain 
size was so large that in many cases irregularly shaped impres- 
sions were obtained. It was necessary in these cases to make a 
tracing of a magnified projection of the indentation and then 
measure its area and compute the mean diameter of the indenta- 
tion. The maximum variation noted for the impressions on 
any one rolled bar was three points Brinell. 

The range of hardness of the bars is given in Table 5. 

All bars, both cast and rolled, used for creep tests were first 
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TABLE 5 
Hardness Range 

K19HRW: High-carbon, rolled, water quenched......... 155 to 165 
K19LRW: Low-carbon, rolled, water quenched........-. 151 to 159 
K19HCW: High-carbon, cast, water quenched..........- 128 to 134 
K19LCW: Low-carbon, cast, water quenched..........- 134 to 140 
K19HRA: High-carbon, rolled, air quenched.....:...-+- 153 to 154 
K19LRA:  Low-carbon, rolled, air quenched..........-. 149 to 151 


tested for magnetic permeability in 14-in. lengths, turned to 0.81 
in. diameter, before machining into creep bars. The specimens 
were placed at the center of a carefully wound solenoid 30 in. 
long and 1.5 in. in mean diameter. A test coil of 500 turns inside 
this solenoid is connected with a ballistic galvanometer which 
gives a deflection of about 2 em for a change in induction of 1 
gauss. An auxiliary mutual inductance carrying the magnetiz- 
ing current was adjusted to balance out the effect of changes in 
the magnetizing field. On reversing the current a galvanometer 
deflection proportional to the ferritic induction was obtained. 
The field was known and uniform to about 1 per cent. The 
value of »—1 (permeability minus one) should be accurate to 
about +10 per cent. Tests were made at H = 50, H = 100, 
H = 150, and H = 200. 


TABLE 6 MAGNETIC PERMEABILITY OF 18-8 BARS WATER 
QUENCHED FROM 1925 F 


-————Mazgnetic Permeability 


Bar Carbon Battelle Westinghouse 
Material number % H = 50 H = 200 H = 202 
K19HR 30 0.125 1.0031 1.0026 1.0029 
K19HR 40 0.125 1.0035 1.0030 1.0029 
K19LR 82 0.067 1.0034 hers 1.0030 


Data for 50, 100, 150, and 200 gausses on any one rolled speci- 
men agreed within 5 in the fourth decimal place. The values 
found ranged as follows: 


K19HRW: High-carbon, rolled, water quenched 
FPO ZOO! Eig el el oenele rete soba ie 1.0027 to 1.0037 
K19LRW: Low-carbon, rolled, water quenched 
from'2000) Bis. os frei ctere oot eeensien> coer 1.0027 to 1.0040 
K19HRA: High-carbon, rolled, air quenched 
from 2000! Ei: serstesoraets ch -keteeeterttsr sts mi all 1.0031 
- (at H = 50 only) 
K19LRA: Low-carbon, rolled, air quenched 


1.0031 to 1.0034 
(at H = 50 only) 


from 2000 /His. m paysierelo celensieteuns) «rare 


Since the values obtained on the rolled K19 
steels of the present investigation were lower 
than those on the KQ steels of the previous in- 


vestigation (which gave at H = 200 for 0.06 per aie pie 
cent ©, air quenched from 1950 F, 1.027, and ee 
for 0.085 per cent C, 1.043), a check on the K19LCW 
method was made by sending three bars to the eer 
Westinghouse Electric & Manufacturing Com- K19LCW 
f K19LCW 
pany. These comparisons were made before the Ki9LCW 
heat treatment to be used in the investigation aA ale 
had been decided upon, and bars water quenched Riga CW 
from 1925 F were used for the comparison. K19HCW 
This comparison gave the results shown in Table FOG 
6, above, indicating that the test method was Sek 
satisfactory. K1i9HCW 
K19HCW 


Higher values were found for cast bars, and 
the variation was larger. 

The upper halves of the teeth were slightly 
higher in permeability than the lower halves in 
the case of the high-carbon heat, but even the upper halves 
were not of as high permeability as the committee’s previous 
K9 materials. The low-carbon castings, however, ran from 1.015 
to 1.204 instead of the 1.003 or 1.004 of the rolled bars and 
the 1.004 to 1.022 of the cast high-carbon, and the upper part 
of the teeth was of distinctly higher permeability than the lower 


a% 
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part. The feeder block had still higher permeability. The 
difference was so marked that it was decided to utilize in 
general for the present series of tests only the lower part of the 
low-carbon teeth. Table 7 gives more complete data on the cast 
bars. 

Macrostructure of the Cast Material. In the hope of determin- 
ing the cause of these differences in permeability, sections were 
cut from the right and left ends of the four teeth of the high-carbon 
casting No. 7, part of which was known from the X-ray examina- 
tion to be waste because of the blowholes shown in teeth 7-3 and 
7-4. These sections were ground and macroetched and are 
shown in Fig. 2. 

‘An area containing large grains is noted near the top and on 
the same side of the left-end sections of teeth Nos. 1, 2, and 3. 
The same is true for the right-end sections of teeth Nos. 1, 2, and 
3, but surprisingly the large grain areas are on the opposite side 
of the tooth. Tooth No. 4, which on the left end has fine grains 
on all of both sides of the tooth, on the right end has large grains 
on almost all of both sides of the tooth. Apparently the grain 
size at the right end of the teeth is just the opposite of the corre- 
sponding locations at the left end. 

The casting was gated at the right end, and the macrostruc- 
ture shows the larger grains in the sections cut near the right end 
of the teeth. 

Fig. 3 (slightly enlarged) shows the macrostructure of bars 
of 1%/. in. in diameter cut from the upper and lower halves of 
teeth of the low-carbon cast 18-8. These bars were intended 
to be used for preparation of creep-test specimens, and no signifi- 
cant differences are shown between bars from the upper and 
lower halves of the teeth except the orientation of the grains. 
There is not such a large variation in grain size as appears in 
Fig. 2. Nevertheless, in view of the wide variation in perme- 
ability the upper halves were not used. 

While some variation in behavior might be expected from 
specimens of such large and somewhat variable grain size, the 
large grain size was welcomed as tending to accentuate the factor 
of difference in grain size between rolled and cast material, one 
of the chief points to be investigated. Moreover, massive cast- 
ings of irregular section, cooling from the melt at rates similar 
to the cooling rates of these teeth, would have similar grain size 


TABLE 7 BRINELL HARDNESS AND MAGNETIC PERMEABILITY FOR CAST 
BARS USED IN THE CREEP AND FATIGUE TESTS 


Brinell 
Specimen Location hardness —————Magnetic Permeability 
number in tooth number H = 50 H=100 H= 150 H = 200 
5S3-1, 2 Lower half 136 1.0201 1.0201 1.0196 1.0188 
583-3, 4 Upper half 138 1.2040 1.1910 1.1810 1.1690 
1382-1, 2 Lower half 140 1.0172 1.0173 1.0168 1.0158 
1382-3, 4 Upper half 137 1.1220 1.1160 1.1810 1.1690 
1383-1, 2 Lower half 136 1.0167 1.0169 1.0164 1.0155 
1383-3, 4 Upper half 135 1.1260 1.1170 1.1100 1.1110 
484-1, 2 Lower half 135 1.0582 1.0552 1.0565 1.0510 
484-3, 4 Upper half 136 1.1080 1.1007 1.0954 1.0907 
4S5 Feeder block 134 1.1681 1.1525 1.1418 1.1328 
12-1-1, 2 Lower half 134 1.0042 1.0044 1.0045 1.0045 
12-1-3, 4 Upper half 134 1.0047 1.0050 1.0052 1.0051 
12-2-1, 2 Lower half 132 1.0037 1.0039 1.0040 1.0039 
j2-2-3,4 Upper half 130 1.0079 1.0089 1.0087 1.0085 
12-3-1, 2 Lower half 133 1.0042 1.0039 1.0040 1.0039 
12-3-3, 4 Upper half 133 1.0099 1.0099 1.0100 1.0097 
124-1, 2 Lower half 133 1.0042 1.0042 1.0044 1.0043 
12-4-3,4 Upper half 134 1.0058 1.0060 1.0061 1.0058 
3-3-3, 4 Upper half 134 1.022 1.022 1.022 1.0200 
F3-1’ Upper half 132 1.015 1.015 1.014 1.014 
F3-2’ Upper half 128 1.019 1.020 1.019 1.018 


@ All water quenched from 2000 F. 
b K19LCW material: low-carbon (0.067 per cent). 
¢ K19HCW material: high-carbon (0.125 per cent). 


and similar junctions between families of grains. 

Initial Microstructure. The microstructure of the four lots, 
KI9HRW, KI19LRW, K19HCW, and K19LCW, as water 
quenched from 2000 F is shown in Figs. 4, 5, 6, and 7. These 
original structures appear fully austenitic and free from carbide 
at grain boundaries. 
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TABLE 8 TEST DATA OF FATIGUE TESTS AT ELEVATED TEMPERATURES ON METAL K19 


. Metal, Speed of Stress 
approximate testing (reversed) 
: designation and machine, flexure), 
Material carbon content, % Rolled or cast? rpm Temp., F lb per sqin. Cycles for fracture Remarks 
K19LRW B—0.067 Rolled 2500 Room 54,000 26,000 Load above yield point 
49,000 22,000 Retest 
47,300 50,000 Retest 
N 44,000 115,000 
| } 41,000 443,000 
40,000 164,036,200 Did not fracture 
39,000 10,952,000 Did not fracture 
K19LRW B—0.067 Rolled 2500 800 43,000 10,200 
38,600 11,090,300 Did not fracture 
38,000 22,500 
34,200 28,000 
31°70 7,405°700 
i 27,405,700 Did not fracture 
K19LRW B—0.067 Rolled 2500 1000 38,000 5,000 
35,000 112,000 
33,300 271,700 
32,000 290,000 
31,300 53,050,400 Did not fracture 
K19LRW B—0.067 Rolled 2500 1200 37,300 15,000 
# 32,000 30,100 
30,800 60,000 
30,000 1,549,000 Retest 
30,000 5,808,000 Did not fracture 
29,500 42,000,000 Did not fracture 
: 27,000 22,226,500 Did not fracture 
K19LRW B—0.067 Rolled 200 1200 35,000 103,000 
34,000 25,000 
33,000 13,000 
32,000 162,000 
31,000 8,000,000 
29,000 1,415,000 Did not fracture 
K19LCW S—0.067 Cast 2500 Room 42,800 32,000 
38,300 60,000 
36,300 1,293,700 
32,700 42,653,700 Did not fail 
K19LCW S—0.067 Cast 2500 1200 28,200 5,000 
27,100 11,000 
24,000 25,600 
21,000 305,000 
20,000 15,000 Flaw 
19,000 23,104,100 Did not fracture 
18,000 109,726,700 Did not fracture 
K1i9HRW G—0.125 Rolled 2500 Room 50,000 ,000 Retest 
; 47,000 75,000 
43,000 220,000 
42,000 25,648,000 Did not fracture 
42,000 109,602,200 
41,000 21,262,800 Did not fracture 
K19HRW G—0.125 Rolled 2500 800 40,800 39,300 
38,700 155,000 
37,000 22,149,900 Did not fracture 
36,000 31,794,000 Did not fracture 
K19HRW G—0.125 Rolled 2500 1000 41,000 2,000 Stress above yield point 
39,000 112,200 
38,200 55,400 
37,500 9,883,700 Did not fracture 
37,000 11,669,700 Did not fracture 
K19HRW G—0.125 Rolled 2500 1200 40,100 4,500 Accidental preliminary overstress 
35,000 29,000 
34,000 30,000 
33,000 127,000 
32,000 24,193,400 Did not fracture 
31,000 10,687,200 Did not fracture 
K19HRW G—0.125 Rolled 200 1200 39,000 40,000 
38,400 42,000 
37,200 10,109,100 Did not fracture 
35,000 10,089,900 Did not fracture 
K19HCW F—0.125 Cast 2500 Room 45,000 50,0006 
39,000 2,000,000 
38,000 2,518,000b 
36,000 20,000,000b 
33,500 204,619,900b Did not fracture 
32,500 24,421,000 Did not fracture 
K19HCW F—0.125 Cast 2500 * 1200 33,000 29,000 
29,000 73,0006 
26,000 8,500,000 
25,000 < 50,000 Flaw 
25,000 13,855,000b 
K19HCW F—0.125 Cast 2500 1200 24,000 189,000b . 
23,500 10,275,500 Ball bearing broken 
22,000 152,578,900 Did not fracture 
21,000 102,730,800b Did not fracture 


@ The castings were in the form of keel blocks about 14 in. X 7 in. X 5 in. with 4 longitudinal keels, or teeth, on the bottom. From each of these 
teeth were obtained test coupons about 14 in. X 2.5 in. X 1in., and from each coupon were supplied 2 specimen blanks about 14 in. X 1 in. square. 
’ Specimen from upper part of tooth as cast. 


TABLE 9 RESULTS OF FATIGUE TESTS AT ELEVATED TEMPERATURES ON METAL K19 


(Endurance limits under reversed flexure) 


i Endurance Limit, Lb Per Sq In.———_—___-.. Endurance Ratio? a 
5 Room temp., 800 F, 10! : 1200 F Room temp., 1000 F, 1200 F 
Material Metal 2500 rpm 2500 rpm 2500 rpm 2500 rpm 200 rpm 2500 rpm 2500rpm 2500rpm 200 rpm 
K19LRW B—0.067% C—rolled 40,000 32,000 32,000 30,000 30,000 47 54 64 64 
K19LCW S—0.067% C—cast 36,000 Biate cca 20,000 a 56 ate 54 a 
K1I9HRW G—0.125% C—rolled 42,000 37,000 38,000 32,000 37,000 46 57 66 76 
K19HCW F—0.125% C—cast 35,000 stale Rios 23,000 mtr 54 ae 57 oe 


@ No short-time tensile tests made at 800 F. 


538 


The grain size in the cast material is very large, as was shown 
in the macrographs in Figs. 2 and 3, so that in the photomicro- 
graphs of the cast material in Figs. 6 and 7 only a small section 
of the grain boundaries of one or several grains is shown. 

Fatigue Tests. The specimens were heat treated at Battelle 
by water quenching from 2000 F as described above and shipped 
to Professor Moore at the University of Hlinois. The testing ma- 
chine used, the testing procedure, and the means of controlling 
and measuring temperature of specimens were the same as those 
described in detail in the former report’ on fatigue test of struc- 
tural steel at elevated temperatures. 

Table 8 gives the test data of the fatigue tests on K19 metal, 
Table 9 gives a summary of the endurance limits determined, 
and Figs. 8 and 9 give the S-N diagrams for the various metals 
tested. 

The cast metal required a larger number of cycles of stress to 
determine endurance limit than did the rolled metal. 

Comparing the behavior of metal K19 with the behavior of 
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Fic. 2. MACROSTRUCTURES OF SECTIONS 


(Taken 18/15 in, from right and left ends of the four teeth from casting No. 7, 

high-carbon K19HC. Etched by heating one hour at 160 F in a solution 

of 38 per cent hydrochloric acid, 12 per cent sulphuric acid, and 50 per cent 
water.) 


the 0.17 per cent carbon steel K1, previously reported,° it may 
be noted that at the highest test temperature, 1200 F, the fatigue 
fracture was decidedly better marked than in the case of the 
structural steel. With the soft structural steel it was sometimes 
difficult to tell whether the final failure was by spreading crack 
or by slow flow. While there were some evidences of flow in 
metal K19, they were not nearly so pronounced. 

The room-temperature endurance ratios of the rolled material 
are normal for ferrous materials; those for the cast material are 
fairly high and of special interest in view of the large grain size. 

The endurance ratios at 1000 F for both cast and rolled ma- 


5 Proc. A.S.T.M., vol. 31, pt. 1, 1931, p. 114; and vol. 32, pt. 1, 
1932, pp. 153-155. 
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terial and at 1200 F for cast are also in the normal range, though 
on the high side of the normal range. Those for rolled mate- 
rial at 1200 F and 2500 rpm, averaging 65, are distinctly high, 
and the single value at 1200 F for 200 rpm is exceedingly high. 
Where tests were made both at 2500 and 200 rpm on the rolled 
materials, the results at the slower speed were no lower, and in 
one case markedly higher, than at the higher speed. 

The endurance limits, together with the short-time tensile and 
creep data and the range of impact values after creep test, to be 
presented below, are plotted in Figs. 10 to 13. The general re- 
lations of tensile, fatigue, and creep values are quite similar to 


Lower Half of Tooth 


Fie. 3. Macrostructures or Bars !8/)5 IN. IN DIAMETER 
(Taken at center of 14 in. lengths of teeth of cast, low-carbon 18-8 Steel, 
K19LC.) 


those previously found for a plain low-carbon steel. The com- 
ment made in respect to that steel (K1), “the curves indicate that 
a design based upon allowable deformation within the life of the 
material in service will not result in a fatigue failure,” may be 
repeated as applying equally to these (K19) steels. 

Short-Time High-Temperature Tests. The tests cited were 
made in the laboratories of the Babcock and Wilcox Company 
through the courtesy of H. J. Kerr and J. B. Romer. 

All material subjected to the tensile tests was water quenched 
from 2000 F. No air-quenched specimens were tested. 

The Babcock and Wilcox tests were made with equipment and 
by methods conforming to the requirements of the Joint High 


TABLE 10 ELONGATION AND REDUCTION OF AREA; SHORT- 
TIME, HIGH-TEMPERATURE TESTS 


900 F 1000 F- 1200 F 
Elonga- Reduc- Elonga- Reduc- Elonga- Reduc- 
tion, __ tion of tion, tionof tion, tion of 
% area, % % area, % % area, % 
Low GC, 
rolled, 
2000 F, 
water 45 661/2 45 671/2 361/2 46 
LowC, cast, 
2000 F, 
water 471/ 651/> 44 591/2 39 55 
Bagh iG: 
rolled, 
2000 F, 
water 471/ 64 50 66 341/> 40 
High C, 
6:28 «870, 
2000 F, 
water 50 571/2 38 40 37 501/ 


Temperature Committee’s Code (Section 15 of A.S.T.M. Tenta- 
tive Methods of Tension Testing of Metallic Materials, E8-32T). 
Stress-strain diagrams, made with a head speed of less than 
0.05 in. per minute, up to the time of removal of the extensome- 
ters, are shown in Figs. 14 to 16. The extensometers were 
mounted on the grips outside the gap-wound heating furnace. 
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The tensile strengths are plotted 
in Figs. 10 to 13 while the yield 
strengths may be taken from Figs. 
14 to 16. The elongation and re- 
duction of area in the short-time 
high-temperature tensile tests are 
shown in Fig. 17 and recorded in 
Table 10. 

No lack of ductility was shown at 
900, 1000, or 1200 F, save perhaps in 
the high-carbon cast material at 1000 
F, where the ductility was down to 
the relatively low figures of 38 per 
cent elongation and 40 per cent re- 
duction of area. At 1200 F, how- 
ever, both the elongation and the 
reduction of area were of the same 
order as in the wrought and the low- 
carbon specimens. No tensile tests 
are available as yet at 1100 F. 

It will be noted subsequently, under 
the discussion of creep, that at 1100 
and 1200 F, several specimens of cast 
high-carbon broke in the creep tests 
at loads above 10,000 lb per sq in., 
after having elongated only about 1/2 
of 1 per cent. A specimen at 1000 
F, loaded at about 26,500 lb per sq . 
in., broke in the test, but only afterit =~ ‘ 
had attained 91/, per cent elongation, 4 
which could scarcely be called a very ; S f ‘ 
brittle behavior. The fracture under : Ife 
prolonged loading at 1100 to 1200 F ; 
at around 1/2 per cent elongation does 
indicate tension-brittleness, but no : 
sign of this is shown in the 1200 F fi 
tensile test. j 


Creep TrEsts 


Equipment and Methods of Test. j 
The creep-test equipment used in © i 
this work at Battelle Memorial In- 
stitute was in general similar to the 
equipment in use at the Crane Com- 
pany laboratories, the details of which 
were described by Kanter and ay 
Spring.° | - 

Gap-wound furnaces similar to lL... ee 
those of Kanter and Spring were 
used. Fig. 18 shows the tempera- 
ture calibration bar and the test 
specimen used for the creep tests 
herein reported. 

Five thermocouples were located in the specimen during cali- 
bration of each furnace for temperature uniformity. The lo- 
cations of these thermocouples are shown in Fig. 18. During 
the actual tests only thermocouples Nos. 1 and 5 were used. 
Thermocouple No. 1 is the control thermocouple and is connected 
to an automatic temperature controller. Thermocouple No. 5 
is connected to an automatic temperature recorder and gives a 
continuous record of the specimen temperature. 

Preliminary temperature explorations of furnaces as previously 


6 J. J. Kanter and L. W. Spring, ‘‘Long-Time or Flow Tests of 
Carbon Steels at Various Temperatures With Particular Reference 
to Stresses Below the Proportional Limit,’ Proc. A.S.T.M., vol. 28, 
pt. 2, 1928, p. 80. 


Fig. 4 B38-9: Roituep, Low-Carson K19, 
WatTEeR QUENCHED From 2000 F 


Fig. 6 382-2: Cast, Low-Carspon K19, 
Water QuencHED From 2000 F 


imens in Figs. 4, 5, 6, and 7—500 X. Etchant—two parts HCl, one part HNOs, 


(Magnification of etched spec i 1a. 7: z 
and one part acetic acid in three parts glycerin.) 


Fie. 5 G27-9: Rotuep, Hies-Carson K19, 
WATER QUENCHED FRom 2000 F 
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Fie. 7 11-1-1: Cast, Hieu-Carson K19, 
Water QUENCHED FRom 2000 F 


constructed for use on pearlitic steels showed too large tempera- 
ture gradients in the reduced section of the test specimens when 
used on 18-8 with its lower thermal conductivity. To improve 
and reduce the temperature gradient, some new furnaces were 
wound and lined with silver sheet 0.020 in. thick. A separate 
calibration was made for each furnace and temperature, using 
an 18-8 calibration bar. The following temperature variations 
were found between thermocouples Nos. 2, 3, and 4, whose lo- 
cations are shown in Fig. 18. At 800 F the minimum variation 
along the gage length in different furnaces was 1 F and the maxi- 
mum 4 F, at 1000 F the minimum was 2 F and maximum 3 F, 
and at 1200 F the minimum was 0 F and the maximum 6 F. 
The temperature at the center of the specimen was main- 
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o+Specinen did not Fracture 
° Test Run at2500 Cyclespermin 
Test Run at 200 Cycles per min 


Extreme Fiber Stress, 1000 Ib per sq in. 


10+ 08 108 7 108 
Cycles of Reversed Flexure for Fracture 


Fic. 8 S-N Discrams ror 0.067 Per Cent Carson, NICKEL- 


CHROMIUM STEEL 


tained during the tests within a total variation of +1 F. 

In some furnaces the differences between the center (No. 3), 
control (No. 1), and recorder (No. 5) thermocouples were as low 
as 2 F, and in others the difference was as high as 8 F. During 
the actual tests the temperature at thermocouple No. 1 was regu- 
lated to give the desired temperature over the gage length of the 
test specimen. 

The room in which the creep apparatus is located is provided 
with thermostatic control. During the tests herein recorded the 
room temperature at the time of making readings was held con- 
stant within 7 F. 

For measurement of elongation two platinum strips were used, 
one fastened on the shoulder at each end of the gage length of 
the test specimen as shown in Fig. 18. The strip fastened to 
the upper shoulder had its edges folded over to form a slot into 
which is fitted the strip fastened to the lower shoulder. The 
fit was loose enough so that movement of the strips relative to 
each other was not restricted. The strip fastened to the lower 
shoulder had a raised portion down the center, so that it would 
be in focus with the folded-over edges of the strip fastened to the 
upper shoulder when viewed through the telescope micrometer. 

A series of very fine cross marks was ruled on the folded edges 
of the upper strip and on the center raised portion of the lower 
strip. Changes in length of the test specimen were measured 
by determining the changing distance between some two picked 
cross marks on the two strips. Those cross marks in best focus 
were used. If the rate of elongation was so rapid that the dis- 
tance between the cross marks exceeded the range of the microme- 
ter, conversion to another closer set of cross marks was made and 
the subsequent elongations added. This set-up was required 
because of the large extension of 18-8 in the early stages. 

The telescope micrometer was fitted with a filar micrometer 
and mounted on a graduated screw. Calibration showed the 
smallest division on the filar eyepiece to read to 0.000048 in., 
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which on a 2.3-in. gage length gave readings to about 0.00002 in. 
per inch, or 0.002 per cent. 

Readings of the elongation of each specimen were made daily 
by two observers. Time-deformation curves were plotted from 
the data of each observer, and the time-deformation curves shown 
in this report represent averages of the curves of the two obser- 
vers. Hither observer’s data led to the same results, but two ob- 
servers were a necessary precaution in case of illness or absence 
of one. 

Avxiality of Loading. No direct measurements were made 
during the tests to determine axiality of loading, although ex- 
treme care was exercised in setting up the tests to insure it as far 
as possible. All units were, of course, provided with ball and 
socket joints. 

In some previous creep work one test unit was modified so as 
to permit attachment to the test specimen and reading of two 
sets of platinum strips spaced 180 deg apart. Since the com- 
pletion of this research on 18-8 steel, all Battelle creep apparatus 
has been modified to permit readings of deformation on opposite 
sides of the test specimen. The earlier work and the results ob- 
tained in regular use since the equipment was modified show 
that in the early stages of the test period, in some instances, there 
were slight differences in the rate of elongation on the two sides. 
However, after a brief initial period, the rates of elongation be- 
came practically the same and the time-deformation curves 
parallel. For this reason it is felt that in the tests herein reported 
satisfactory axiality of loading was obtained. 

Various precautions taken for accuracy in creep work at 
Battelle are described in more detail by Gillett and Cross.” Al- 
though this creep work for the Joint Committee was practically 


7H. W. Gillett and H. C. Cross, “Obtaining Reliable Values for 
Creep of Metals at High Temperature,’’ Metals and Alloys, vol. 4, 
July, 1933, pp. 91-98. 
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completed before the promulgation of the tentative creep “‘code,”’® 
it is believed that the requirements of the code have been met or 
exceeded. The creep tests were carried well beyond 1000 hr, 
as against the 500 hr specified by the code for determinations 
to be reported in terms of 1 per cent in 10,000 hr, in all cases, 
save where the deformation was so great as to make this unneces- 
sary, or unless, as in the case of some of the high-carbon cast 
specimens, fracture occurred before that. A single run at 1400 
F was carried only to 665 hr. 

The Subcommittee on Technical Projects instructed the in- 
vestigators to determine the stresses for a final creep rate of 1 per 
cent in 10,000 hr and to concentrate on temperatures of 1000 
and 1200 F, and on the use of water-quenched material. Some 
tests were carried out at lower final rates of deformation, but no 


8 Tentative Method of Test for Long-Time (Creep) High-Tempera- 


ture Tension Tests of Metallic Materials, Proc. A.S.T.M., pt. 1, 
1933, p. 1004, E22-33T. 
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attempt was made to carry the work to a complete determination 
of stresses for a final rate of 1 per cent in 100,000 hr. A few 
tests were made at 1100 F and a very few on air-quenched rolled 
material. 

The initial program did not include testing the low-carbon 
cast material, though it was hoped to include this ultimately. 
The preliminary data on the high-carbon cast, however, made it 
appear important to include the low-carbon cast. Time and 
funds were not available for as complete a study of the low-carbon 
cast as of the other materials. 


D5tTaILeD REsutts or Creep TESTS 


Since the first heat treatment specified was air quenching from 
2000 F, the first of the creep tests were made at 1000 and 1200 
F on air quenched rolled bars. All later tests were made on water 
quenched bars. The time-deformation curves for the air-quenched 
material tested at 1000 and 1200 F are shown in Figs. 19 and 20. 
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TABLE 11A CREEP TEST DATA FOR LOW-CARBON “18-8” STEEL (K19L) 

Material Temp. of Duration Load Initial — Secon Elongati Final el i 

and heat Specimen _ creep test, of test, lb per elongation, % per = % per or at ter = pinay ay 
treatment number deg F br sq in. A first 500 hr 500 br % Remarks 

Low-Carbon, Rolled 
K19LRA R62-1’ 1000 842 17,320 et i! 2 ee 0.900234 1.2 Air quench 
K19LRA R62-1 1000 842 21,845 ra ee 0.000336 2.69 Air eee 
K1i9LRW B21’-4 1000 1,061 15,040 ES eC os, a ae 0.000027 0.267 Water quenched 
K19LRW B21’-2 1000 1,108 17,325 0.26 0.000124 0.000058 0.467 Water quenched 
K19LRW B38-2’ 1000 1,553 19,625 st ye 0.000109° 1.007 Water quenched 
K19LRW B21'-3 1000 1,293 21,815 eRe Se ae 0.00015 1.841 Water quenched 
K19LRW B38-1’ 1100 1,201 12,835 0.0 oe ao <5 -- 0.0000485 0.170 Water quenched 
K19LRW B38-3 1100 768 17,325 QO. TUG Re os => 55 0.00083 1.00 Wat q 
re ie on ee 10,570 0.097 0.00165 ee 0.717 
£19 - 1,252 6,1 0.064" 7  *.2-5: 0.000042 0.212 uench 
K19LRW B38-2 1200 1,655 8,345 0:100 eee) s-> 5 0.000122< 0.594 cueached 
K19LRW 48 1200 1,346 10,600 0.08 Sete oes 0.000265¢4 0.623 ter quenched 
K19LRW B21-1’ 1200 240 12,820 0.092 O.00858", 9 | sancse 1.614 Water quenched 
Low-Carbon, Cast 

K19LCW 1383-2 1000 1,276 12,800 02345) see ee += 0.0000157 0.198 Wat hb 
K19LCW 1382-1 1000 1,132 15,115 1.19 0. 000033¢ 1.384 Water pm] 
K19LCW 583-2 1000 1,612 17,325 3.263 0.000016 3.512 Water quenched 
K19LCW 583-1 1200 1,300 5,000 0:057 Saas < 0.000014 0.075 Water quenched 
K19LCW 1382-2 1200 1,300 7,000 0.005 Glenn ots = < 0.000014 0.156 Water quenched 
K19LCW 1383-1 1200 964 9,500 @: 304: ie ee 0.000186: 0.334 Water quenched 


2 From 1000 to 1500 hr. 
f From 500 to 1275 hr. 


’ From 700 to 1175 hr. 
g From 700 to 1130 hr. 


¢ From 1100 to 1650 hr. 
h From 1000 to 1300 hr. 


@ From 800 to 1350 hr. 
i From 500 to 950 br. 


¢#rom 50 to 240 hr 


TABLE 11B IMPACT AND MAGNETIC PERMEABILITY DATA AFTER CREEP TEST FOR LOW-CARBON “188” STEEL (KiSL 
Final 
Material Temp. of Duration Load, elongation After Creep Test 
and heat Specimen creep test, of test lb per in creep Izod impact Magnetic permeability 
treatment number deg sq in test, % resistance, ft-lb H=530 H=100 H=1530 F = 200 Remarks 
Low-Carbon, Rolled 
K19LRW B38-9 None Sey eee so 107—107-101-103 1.0032 1.0032 1.0032 1.0033 Water quenched 
K19LRA R62-1’ 1000 842 17,320 1.2 109-112 1.019 1.019 1.018 1.018 Air quenched 
K19LRA R62-1 1000 842 21,845 2.69 119-117 ae Pefave 5 eae Air quenched 
K19LRW B21’-4 1000 1,061 15,040 0.267 114-116 52 aes bas ate Water quenched 
K19LRW B21’-2 1000 1,108 17,325 0.467 116-117 Lao : a 5 Water quenched 
K19LRW B38-2’ 1000 1,553 19,625 1.007 107-109 1.0368 1.0324 1.0233 1.0263 hed 
K1I9LRW B21’-3 1000 1,293 21,815 1.841 110-113 1.024 1.023 1.023 1.021 Water quenched 
K19LRW B38-1’ 1100 1,201 12,835 0.170 111-109 1.117 1.166 1.160 1.149 
K19LRW B38-3 1100 768 17,325 1.001 99-100 1.12 1.175 1.166 1.149 
K19LRA B19-1 1200 390 10,570 0.717 114-113 hae i “ae faa 
K19LRW B21-3 1200 1,252 6,100 0.212 111-108 = oye “fae re = 
K1I9LRW B38-2 1200 1,655 8,345 0.594 99- 99 1.1165 1.1010 1.0825 1.0691 
K19LRW 48 1200 1,346 10,600 0.623 99- 97 1.199 1.170 1.140 1.120 Waiter qu 
K19LRW B21-1’ 1200 240 12,820 1.614 98-108 1.202 1.222 1.197 1.170 Water quenched 
Low-Carbon, Cast 
K19LCW 382-2 None Bots ats era 91-91-95 is es a pate Water quenched 
K19LCW 1383-2 1000 1,276 12,800 0.198 93-93 1.021 1.022 1.024 1.024 Water quenched 
K19LCW 1382-1 1000 1,132 15,115 1.334 94-95 1.018 1.019 1.019 1.018 Water quenched 
K19LCW 583-2 1000 1,612 17,325 3.512 95-97 1.0216 1.0245 1.026 1.018 Water quenched 
K19LCW 583-1 1200 1,300 5, 0.075 105-100 1.135 1.157 1.133 1.184 Water quenched 
K19LCW 1382-2 1200 1,300 7,000 0.156 106-101 1_127 1.147 1.167 1.159 Water quenched 
K19LCW 1383-1 1200 964 9,500 0.334 98-92 1.113 1.131 1.158 1.148 Water quenched 


The details of all the creep tests on both air- and water-quenched 
rolled materials of both low- and high-carbon contents and the 
quenched cast material of both low- and high-carbon content 
are shown in Tables 11 and 12. 

The time-deformation curves for the quenched cast and rolled 
materials of low-carbon content are shown in Figs. 21, 23, 25, 
27, and 30; those for high-carbon are shown in Figs. 22, 24, 26, 
28, 29, and 31. 

In Fig. 32 the rates of secondary elongation produced by the 
various stresses are plotted against the stresses. These rates 
of secondary elongation were scaled from the latter portion of 
the time-deformation curves after a fairly uniform rate had been 
attained. It is of interest to note that in all but a very few in- 
stances the test had to progress at least 500 hr, and in many 
instances not until after a considerably longer test period, be- 
fore a fairly uniform rate was attained. The data plotted in 
Fig. 32 do not take into consideration the initial elongation or 
subsequent elongation taking place during the first portion of 
the test period. In some instances where strain-hardening 
effects were noted there was considerable elongation during the 
first 500 hr before a uniform rate of elongation was ap- 
proached. 

Therefore, in Figs. 33 and 34 are shown data for the total de- 
formations calculated to result from the various stresses in 10,000 
hr. These values were obtained by extrapolating the time- 
deformation curves at the same rate of elongation as existed over 
the latter part of the test period, as indicated in Tables 11 and 12. 


This method gives a lower stress value than that producing a 
secondary elongation rate of 1 per cent in 10,000 hr, since 
the values depend not only on the rate of elongation at the end 
of the test but also on the magnitude of the initial elongation and 
the strain-hardening effects. 

Rather large initial elongations resulted upon ap 
the loads in the tests at 1000 F-. 


plication of 


Discussion OF THE Creep Test Data 


When tested at 1000 F in the air-quenched condition, the high- 
carbon rolled material showed both a lower initial elongation and 
a lower rate of secondary elongation than the low-carbon rolled 
material. 

In the water-quenched condition at test temperatures of 1000, 
1100, and 1200 F the high-carbon rolled material was again su- 
perior to the low-carbon material in regard to initial elongation, 
rate of elongation, and total deformation. These relations are 
clearly shown in Figs. 32, 33, and 34, and by the data shown in 
Tables 11, 12, and 13. Norton? also shows, in his Figs. 55 and 
56, superior creep resistance for high-carbon 18-S as compared 
with low-carbon 18-8. Comparison of the test data also shows 
that both the low-carbon and high-carbon rolled materials have 


° F. H. Norton, “Creep of Steels at High Temperatures,” McGraw 
Hill Book Company, 1930. 
H. D. Newell (quoting recent work of Norton), “Alloy Steel 


Tubes for Refinery Service,” Refiner and Natural Gasoline Manu- 
facturer, vol. 12, 1933, pp. 122-131. 
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Material 

and heat Specimen 
treatment number 
K19HRA G1-1’ 
K19HRA W58-1’ 
K19HRW G30-2 
K19HRW G30-3 
K19HRW G30-8 
K19HRW G30’-7 
K19HRW G27-1 
K19HRW G30-9 
K19HRW G27-1’ 
K19HRA G35’-1 
K19HRW G30-7 
K19HRW G30’-8 
K19HRW G30/-9 
K19HRW G30-6 
K19HRW G27-3’ 
K1i9HCW 12-1-3m 
K19HCW 12-4-4m 
K19HCW 12-2-1 
K19HCW J2—-1-1 
K1I9HCW 12-—2-2 
K19HCW 12-4-3m 
KI9HCW 12—-1-4m 
K19HCW 12-3-2 
K19HCW 12-3-1 
K19HCW 12-3-3m 
K19HCW 12-1-2 


4 From 800 to 1130 hr. 
f From 500 to 1000 hr. 
k Broke. 


TABLE 12B IMPACT AND MAGNETIC PERME 


(Stresses to produce secondar 


Material Temp. of 
and heat Specimen creep test, 
treatment number deg F 
K19HRW G27-9 None 
K19HRA Gl1-l’ 1000 
K19HRA W58-1’ 1000 
K19HRW G30-2 1000 
K19HRW G30-3 1000 
K19HRW G30-8 1000 
K19HRW G30’-7 1000 
K19HRW G27-1 1000 
K19HRW G30-9 1100 
K19HRW G27-1’ 1100 
K19HRA G35/-1 1200 
K19HRW G30-7 1200 
K19HRW G30/-8 1200 
K19HRW G30/-9 1200 
K19HRW G30-6 1200 
K19HRW G27-3’ 1400 
K19HCW 11-1-1 None 
K19HCW 12-1-36 1000 
K19HCW 12-446 1000 
K19HCW 12-2-1 1000 
K19HCW 12-1-1 1000 
K19HCW 12-2-2 1100 
K19HCW 124-36 1100 
K19HCW 12-1—46 1200 
K19HCW 12-3-2 1200 
K19HCW 12-3-1 1200 
K19HCW 12-3-36 1200 
K19HCW 12-1-2 1200 
@ Broke. 
Carbon content, 
Material % 
K19LRA 0.067 
K19HRA 0.125 
K19LRW 0.067 
K19HRW 0.125 
K19LRW 0.067 
K19HRW 0.125 
K19LRW 0.067 
K19HRW 0.125 
K19LCW 0.067 
K19HCW 0.125 
K19HCW 0.125 
K19LCW 0.067 
K19HCW 0.125 


TABLE 12A CREEP TEST DATA FOR HIGH-CARBON ‘18-8’ STEEL (K19H) 


Temp. of Duration 

creep test, of test, 
deg F br 
1000 1,132 
1000 1,535 
1000 1,125 
1000 1,703 
1000 1,518 
1000 1,758 
1000 1,318 
1100 1,529 
1100 1,000 
1200 1,078 
1200 1,493 
1200 1,518 
1200 1,822 
1200 1,078 
1400 665 
1000 1,230 
1000 1,226 
1000 1,506 
1000 445 
1100 1,139 
1100 475 
1200 1,318 
1200 865 
1200 796 
1200 652 
1200 259 


b From 800 to 1390 hr. 
9 From 1200 to 1800 hr. 
2 From 1000 to 1300 hr. 


Load, Initial 
lb per elongation 
sq in. 0 
High-Carbon, Rolled 
17,345 0.61 
21,820 1.72 
17,440 0.391 
22,315 0.417 
23,000 1.121 
24,065 1.25 
28,570 2.399 
17,280 0.266 
19,570 0.216 
6,065 0.048 
8,320 0.025 
9,500 0.004 
10,585 0.006 
12,810 0.043 
1,600 0.017 
High-Carbon, Cast 
19,645 3.28 
20,750 4.99 
21,840 5.356 
26,425 8.69 
15,080 0.316 
17,385 0.181 
8,333 0.076 
9,500 0.185 
10,565 0.105 
11,485 0.052 
12,845 0.354 


Final 


¢ From 500 to 1100 hr. 
h From 600 to 1200 hr. 
m Specimen taken from upper half of tooth. 


% per br in 
first 500 hr 


0.000124 


0.000319 
0.000465 
0.00098 


d@ From 1000 to 1700 hr. 
i From 800 to 1175 hr. 


Duration Load, elongation 
of test, lb per in creep Izod impact 
hr sq in. test, % resistance, ft-lb 
High-Carbon, Rolled 
Str abe ares tone 108-103-109-108 
1,132 17,345 0.86 112-115 
1,535 21,820 2.275 112-110 
1,125 17,440 0.496 117-117 
1,703 22,315 0.788 110-107 
1,518 23,000 1.648 106-108 
1,758 24,065 1.947 96-— 93 
1,318 28,570 3.157 74-77 
1,529 17,280 0.552 86— 85 
1,000 19,570 0.802 64— 69 
1,078 6,065 0.107 105-106 
1,493 8,320 0.179 96- 95 
1,518 9,500 0.170 91- 88 
1,822 10,585 0.366 84— 86 
1,078 12,810 0.818 74— 63 
665 1,600 0.031 92-— 93 
High-Carbon, Cast 
Beh Ae ne 94-93-93 
1,230 19,645 3.437 100-100 
1,226 20,750 RCE) cera 
1,506 21,840 5.662 90— 85 
445 26,425 9.2442 1012 
1,139 15,080 0.3972 99% 
475 17,385 0.4082 103% 
1,318 8,333 0.189 61-58 
865 9,500 0.399 97-69 
796 10,565 0.552 47% 
652 11,485 0.561% 64% 
259 12,845 0.655% 882 


b Specimen taken from upper half of tooth. 


500 h 


0.000065° 
.000078% 


00054 
.000015 


0.000024h 
0.00004: 

0.000057 
0 
0 
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-——Secondary Elongation—— Final elongation 


% per hr after in creep test, 
r 


"0 Remarks 
86 Air quenched 
275 Air quenched 
496 Water quenched 
788 Water quenched 
648 Water quenched 
947 Water quenched 
157 Water quenched 
552 Water quenched 
802 Water quenched 
107 Air quenched 
179 Water quenched 
170 Water quenched 
366 Water quenched 
818 Water quenche 
031 Water quenched 
437 Water quenched 
315 Water quenched 
662 Water quenched 
244k Water quenched 
397k Water quenched 
408k Water quenched 
189 Water quenched 
399 Water quenched 
55k Water quenched 
561k Water quenched 
655k Water quenched 


e From 1000 to 1500 hr. 
i From 1200 to 1500 hr. 


ABILITY DATA AFTER CREEP TEST FOR HIGH-CARBON ‘18-8 STEEL (K19H) 


After Creep Test 


—————Magnetic permeability 
H 00 


H 


Ths 


= 50 


1.0032 
1.026 
1.032 
1.0202 
1% 
1 
1 
1 
1 


0360 


.0879 
-1610 
-94 


1298 


0157 


.1202 


1051 


.0032 
1028 


031 
0205 


H = 150 H = 200 


.0032 
026 
029 
.0197 


0032 
025 


Remarks 


Water quenched 
Air quenched 
Air quenched 
Water quenched 
Water quenched 
Water quenched 


. 1688 
.2740 
29 


1 
1 
1 
1 
(0338.1 
1 
1 
2 
1358 1 


— NKR RR ol 


1.0152 1 


AAV ile 


1.073 


TABLE 13 SUMMARY OF CREEP TEST DATA 


Rolled or cast 


Rolled 
Rolled 
Rolled 
Rolled 
Rolled 
Rolled 
Rolled 
Rolled 
Cast 
Cast 
Cast 
Cast 
Cast 


Heat treatment 


Air quenched from 2000 F 

Air quenched from 2000 F 

Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 
Water quenched from 2000 F 


Temp of test, 


@ Both tests at 1100*F fractured before a total deformation of 1 per cent was attained. 


deg 
1000 
1000 
1000 
1000 
1100 
1100 
1200 
1200 
1000 
1000 
1100 
1200 
1200 


i wae 


.0316 
-1750 
. 2570 
-10 


1315 


-0139 


1324 


071 


y rate of elongation and total elongation of 1 per cent in 10,000 hours) 
Stress, lb per sq in. 
to produce secondary 
rate of elongation of 
1% in 10,000 hr 


Water quenched 
Water quenched 
Water quenched 
Water quenched 
Air quenched 

Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 


at 

it. 

als 

1 
1.0306 
il 

1 

1 

1 


Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 


Stress, lb per sq in. 
to produce total 
deformation of 
1% in 10,000 hr 


14,500 
< 19,645 
a 


8,500 
9,000 
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greater creep resistance in the water-quenched sae 

than in the air-quenched condition. This fact ‘ Wid ool ceeeenien = if Oren ‘ueNches 
is very clearly indicated in Figs. 32, 33, and 34, ep eat d CARBON - 0.125 
and in Table 13. ; 

At the lower loads used at the higher test tem- 
peratures smaller initial elongations resulted than 
in the tests at 1000 F, and this fact along with 
decided diminution of strain-hardening effects 
accounts for the smaller differences between the 
stress producing a rate of elongation of 1 per 
cent in 10,000 hr and that producing a total 
deformation of 1 per cent in 10,000 hr. Fig. 
35 shows the initial deformations of the cast and 
rolled materials at 1000 F and the high-carbon 
cast and rolled material at 1200 F. The results 
for the low-carbon material at the low loads 
used at 1200 F were irregular; they are shown 
only in Table 11 and not in Fig. 35. 

It is of interest to note that in tests at 1000 F 
a large increase in initial elongation over that at 
17,000 Ib per sq in. resulted when bars were 


000 HOURS 
oe eal 


DEFORMATION — PER CENT 


: Co) 200 400 ‘600 800 1000 1200 1400 1600 1800 
loaded at about 22,000 lb per sq in. for the TIME — HOURS 
quenched low-carbon material, over that at  py¢. 22 Trme-DerorMaTIon Curves at 1000 F ror Rotrep, WaTER-QUENCHED, 
22,000 lb per sq in. when bars were loaded at Hicu-Carson 18-8 Steet (KI9HRW) 
2.2 
1000 F 4 100 F 
WATER QUENCHED 
2.0 GARBON=O:067) Salmza cleaner ENG lk | WATER QUENCHED 
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1.8 3) . elo 
x 08 —+ 4 3t J 
a ye 
1.6 | 2%} 
5 Zz 0.6 
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20.4 —— 
¢ 2 | 
a a 
2 fo) 
| & 0.2 =! eee 
am [ay 7 
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5 () 
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ire 
3 Fic. 23. Trwe-DrerorMaTion Curves aT 1100 F ror Ro..ep, 


Warter-QuENCHED, Low-CarsBon 18-8 Stent (K19LRW) 


T 
15,040 LB/SQ 


0.2 5 1100 F 
a WATER QUENCHED 
é Z CARBON- 0.125 
ie) 200 400 600 800 1000 1200 1400 & 
TIME — HOURS I 
Fic. 21 Time-Drrormation Curves at 1000 F ror Rotten, 2 
WaATBER-QUENCHED, Low-CarBon 18-8 Start (K19LRW) 2 
fe) 
about 23,000 lb per sq in. for the quenched high-carbon material. 3 
This is important to note, for as shown in Tables 11 and 12 A Bee we i pape Aad B'S bo yo#s 
and Figs. 19, 21, 22, 27, and 28, although the subsequent rates pyg, 94 Timm-DerorMaTION Curves aT 1100 F ror Ro.txp, 
of secondary elongation are not large at these higher loads, such WatTer-QUENCHED, HicH-CarBon 18-8 Stren (KIVHRW) 
large initial deformations are of prime importance in ha ; 
designs based on a fairly small permissible over-all ae 1200 F i" bales} 
+ WATER QUENCHED sQ | 
deformation. «06 CARBON — 0.067 a8 10,600 LB, aaa 
In several of the tests on the rolled materials the if J [exes sau 6382 8,345 
initial deformations were higher or lower than ex- z aad i [ 
pected, but the secondary rates of elongation were in & 02h ae tte 
the proper order after the test period progressed a z i 
sufficient length of time. That is, erratic behavior w 0 200 400 600 800 1000 1200 1400 1600 


: . i. _ RS 
was more common in the earlier than in the later BAS Sag Sh 


stages of creep. “This, combined with the fact that 
the specimens did not “settle down” to a fairly uni- 


Fig. 25 Time-DrrormaTion Curves aT 1200 F ror Rowtunp, WaTER- 
QuENCHED, Low-CargBon 18-8 StneL (K19LRW) 


form rate of creep short of 500 hr or more, indicates that some No creep tests were made on cast bars as air quenched. All 
of the “accelerated” methods of testing alleged to be competent cast bars tested were water quenched from 2000 F. 
to characterize creep resistance would be inadequate and inap- As shown in the various time-deformation curves and in Figs. 


plicable on this type of material. 32, 33, and 34, the high-carbon cast material shows superior 
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creep resistance to the low-carbon cast material. It is realized 
that the data on the low-carbon cast material are limited, but the 
curves in Fig. 32 show considerably lower stresses for comparable 
rates of ereep for the low- than for the high-carbon cast material. 


—- 


1.2 


—— 


case eae 
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Due to the fact that considerably lower loads were used in 
the tests at 1000 F on the low-carbon cast material, thus causing 
the initial elongations to be smaller, comparisons with the high 
carbon cast material on the basis of total creep are difficult. 

Although the loads used for the two ma- 


1200 F terials do not overlap, the data in Figs. 33 
WATER QUENCHED ‘ ‘ ati . 
z 1.0 =i ———— SS = =} tas =] and 34 indicate superiority in regard to total 
F creep for the high-carbon cast material when 
: asks | : ab = 
alee | sor © tested at 1000 F. 
z 06 ——| =| 62072 es Lg econo —_t—§- There seems little difference between the 
& sLope FOR Le low- and high-carbon cast material tested at 
S 0.4 + a a : ; 
z al we 1988.8 /5Q.1N mee 1200 Fw hen compared on the basis of total 
i ie 63 630-7 8,320 LB/SQIN. Nike elongation. iy 
630-8 9,500, LB/SQ IN. Comparison of Resulis With Norton’s Pub- 
Ks Ae AGG ae AGG eco 1200 1400 1600 1800 lished Data. Comparison of the creep results 


TIME —HOURS 


Fic. 26 Time-DrerormatTion Curves av 1200 F ror Rouitep, WATER-QUENCHED, 
Hicu-Carson 18-8 Stern (K19HRW) 


of this investigation may be made with the 
published data of Norton’ for low-carbon 
rolled 18-8. The data are plotted in Fig. 36. 
Very close agreement is shown at 1000 and 1200 F. 
Slight divergence at 1100 F is probably due to the 


fact that fewer specimens were tested at Battelle at 
1100 F than at the other two temperatures. Detailed 
data on creep of high-carbon rolled or of cast 18-8, 


close enough in carbon content for accurate compari- 


son, seem to be lacking. 


ComPARISON OF RoL“LED AND Cast MareriaL IN 


CreEpr TEST 


It was found by Kanter and Spring? that, in the 
case of plain 0.20 per cent carbon steel and a 2 per 
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Fic. 27. Timp-DrrormMaTion Curves At 1000 F ror Cast, WATER-QUENCHED, 


Low-Carpon 18-8 Street (K19LCW) 


cent nickel, 0.87 per cent chromium, 0.41 per cent 
carbon steel tested at 1000 F, the creep resistance 
was greater in cast material of large grain size than 
with forged material of smaller grain size. These 
data, coupled with a previous indication leading to a 


1000 F ee. : We 
| | WATER QUENCHED similar conclusion for an 18-8 alloy containing 0.15 per 
CARBONS O12> cent carbon tested at 1180 F in the work of French, 
+ | 4 Kahlbaum, and Peterson," have sometimes been taken 
= to imply that cast material would uniformly show su- 
Zz | hea i i 
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QuENcHED, HiaH-Carzon 18-8 STEEL (K19HCW) 


(Jog in curve for specimen 12-2-1 due to jar from breaking of high-carbon cast bar 
in adjacent creep unit.) 


0.8 

z 1200 F 

o WATER QUENCHED 

« 06 CARBON — 0.125 

a 

| 0.4 

é ( uB/s "aa 

Ee Ab teie-3-1 10,565 L8/S9 IN 

& 02} ee i ae tes | 

2 [ote < 2-1-4 8335 LB/SQ IN. 

& Fy cease i2-3-3 11,485 LB/SQ IN. 

uw 

ee Gi 200 400 600 800 1000 1200 1400 
TIME — HOURS 

Fic. 31. Timn-DerorMATIoN Curves AT 1200 F ror Cast, WATER- 


QueENcHED, Hrew-Carson 18-8 STEEL (K19HCW) 


200 400 600 


TIME — HOURS 


Fic. 29. Timp-DrrorMaTIon Curves Av 1100 F ror Cast, 
Water-Qunncuep, Hiau-Carpon, 18-8 Sree, (KI9HCW) 


800 1200 


06 
r4 
OL WATER QUENCHED 
Pars 0.4 CARBON — 0.067 
WwW 
z 16) 
0% 0.2 
ce 
a 
fo) 


600 BOO 
TIME — HOURS 


1000 1200 1400 


Fia. 30 Trmm-DErormMation Curves AT 1200 F ror Cast, WaTER- 
Quencuep, Low-Carpon 18-8 Stent (K19LCW) 


RESEARCH 


perior creep resistance to rolled material of the same analysis 
and treatment. On the other hand the work of Bailey and 
Roberts!” indicated the opposite to be the case, though the cast 
and rolled steels compared were of somewhat different compo- 
sitions. It has been pointed out!*!® that superiority of cast 
material is usually met only when the temperature exceeds or 
at least approaches the recrystallization temperature, in this 
case upward of 1500 F, nor need ferritic and austenitic mate- 
rials show the same relations. 

Pilling and Worthington! remark that in short-time tests on 
Fe-Cr-Ni alloys cast and rolled materials behave approximately 
the same above 1200 F. 

Tapsell!® comments that in general cast carbon steel between 
400 and 500 C (750 and 930 F) is no better and perhaps worse 
in creep than rolled annealed or air-quenched material. 

The tests on K19 steel indicate general superiority in creep 
resistance for rolled high-carbon material over the cast. Com- 
pared on the basis of rate of elongation, as shown in Fig. 32, 
the high-carbon cast material, except at low stresses at 1000 F, 
elongates at a more rapid rate than the high-carbon rolled ma- 
terial. 

The limited data available show little difference between the 
low-carbon cast and rolled material when compared on the basis 
of rate of elongation. However, when the cast and rolled ma- 
terials are compared on the basis of the total deformation in 
10,000 hr, the superiority of the rolled material is quite evi- 
dent in that the curves are at higher stresses than for the cast 
material, except for the low-carbon material tested at 1200 F. 
(See Figs. 33 and 34.) 

This superiority found on the basis of total elongation is due 
in part to lower or equal rates of creep of the rolled material as 
compared with the cast material and also to the considerably 
lower initial elongation upon application of the load in the tests. 
Fig. 35 clearly shows the smaller initial elongations of the rolled 
material as compared with the cast material. This is in accord- 
ance with the room-temperature tensile and yield strengths. 
Since the cast bars deform more when the load is applied, they 
might, therefore, be considered much closer to the deformation 
beyond which fracture occurs in a relatively short time. 
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Fig. 32 Errecr or Stress on Rate oF SECONDARY ELONGATION 
¥or Cast AND Rouurp, Low- AnD HicH-CarBon 18-8 Steen (K19) 


122. W. Bailey and A. M. Roberts, ‘‘Testing of Materials for 
Service in High-Temperature Steam Plant,’’ Hngineering, vol. 133, 
1932, pp. 261-265, 295-298. 

13 W. Rosenhain and C. H. M. Jenkins, “Some Alloys for Use 
at High Temperatures, Ni-Cr Alloys, Part I,’’ Journal Iron and 
Steel Inst., vol. 121, 1930, p. 121. 

14N. B. Pilling and R. Worthington, ‘‘The Effect of Temperature 
on Some Properties of Fe-Cr-Ni Alloys,’ A.S.T.M.-A.S.M.E. Sym- 
posium on Effect of Temperature on Metals, 1931, p. 508. 

1s H. J. Tapsell, ‘‘Creep of Metals,’’ 1931, p. 215. 
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Earzy Fracture oF Hica-CarBon Cast SPECIMENS 


No bars of the rolled materials or of the low-carbon cast mate- 
rial fractured during the creep tests. Several of the high-carbon 
east bars, however, broke in creep tests at 1100 and 1200 F at 
lower elongations than the high-carbon rolled bars showed with- 
out fracture. The high-carbon cast material often acted in a 
decidedly brittle manner at these temperatures. 
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36 CoMPARISON OF CREEP DATA ON Low-CarRBON 18-8 STEEL 
OBTAINED BY NorTON AND BATTELLE MEMORIAL INSTITUTE 


Fic. 37 Broxen Test Bars or Cast, HicH-CAaRBON 18-8 StreL, (K1I9HCW) 


(The upper bar was broken at room temperature in a short-time test, and the lower bar (12-2-2, Fig. 29) broke 
Impact for lower bar (12-2-2)—93 ft-lb as heat treated, 


in 1139 hours at 1100 F loaded to 15,080 lb per sq in. 
and 99 ft-lb after creep test.) 


To illustrate this, Fig. 37 shows a cast bar broken in a short- 
time test at room temperature and the creep-test specimen 12-2-2 
loaded to 15,080 Ib per sq in. at 1100 F which broke after 1139 
hours. At room temperature this material had 59 per cent 
elongation and short-time tensile tests at 1000 and 1200 F indi- 
cated a probable elongation at 1100 F of 35 to 40 per cent yet the 
brittle appearance of the fracture of the bar tested in creep at 
1100 F is evident. As can be seen, surface cracks and parting 
have occurred near the fracture. 

These findings make interpretation of the creep results on the 
high-carbon cast bars entirely misleading, if merely the rates of 
secondary creep are considered. The data in Fig. 32 show the 
creep rates for the high-carbon cast material tested at 1100 and 
1200 F to be only a little greater than for rolled bars, yet as 
shown in Fig. 32 and Table 12 some of the bars broke with but 
small deformation. 

These findings suggest that in cases where design is based on 
a definite extension life, lower loads should be used for high- 
carbon cast bars in order that their initial deformation plus sec- 
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ondary ereep would be no greater than the lower initial deforma- 
tion and possible greater total secondary creep in the rolled bars 
at a somewhat higher load. Even then the data in the case of 
the high-carbon cast material suggest the use of a higher factor 
of safety for cast than for rolled 18-8, since in many tests the 
rolled bars deformed greater total amounts without fracture than 
did even the low-carbon cast bars. It should be recognized that 
the cast bars used had a structure of rather exaggerated coarse- 
ness and that the results of these tests are not necessarily ap- 
plicable to castings of smaller cross-section, which would freeze 
more quickly and have smaller grain size. Nor is it to be con- 
cluded necessarily that at temperatures above 1200 F and closer 
to or above the recrystallization temperature the rolled material 
would be superior. 


MagNEric AND MECHANICAL PROPERTIES OF THE MatTERIALS 
Arter Creep TEST 


Magnetic Permeability. For determining the magnetic perme- 
ability after creep test the threads and shoulders of the test speci- 
mens were removed by turning to the diameter of the reduced 
section. 

Exposure to the combination of temperature and stress in the 
creep tests caused an increase in magnetic permeability for all 
materials. The values for those bars tested are shown in Tables 
11B and 12B. The higher the test temperature, the greater 
was the increase in magnetic permeability. At 1000 and 1100 F 
the change was small and there was little difference between the 
low-carbon and high-carbon rolled bars, but at 1200 F the in- 
crease was considerable, and 
the high-carbon rolled bars 
showed the greater increase. 

For the cast bars greater 

siti increases in magnetic permea- 
waey . —_pility were noted for the bars 
tested at 1200 F than for the 
bars tested at 1000 F, but no 
definite difference was noted 
between the low- and high-car- 
bon cast bars. 

There does not seem to be 
any direct relation between the 
magnetic permeability and the 
time at temperature, the stress 
applied, or the resulting elon- 
gation. 

Impact. For purposes of 
comparison, the Izod notched 
impact resistance of the materials in the heat-treated condition 
was obtained. The test specimen used had the diameter and 
notch of the standard round Izod specimen.’® The end gripped 
in the anvil of the impact machine had to be shorter than stand- 
ard, but comparative tests gave the same results on 18-8 speci- 
mens with the long and short grips. All Izod tests herein re- 
ported, whether on material after creep or not, were made on 
short-grip specimens, so that all are exactly comparable. This 
specimen was chosen instead of the Charpy specimen used on 
the work on K9, since it was the only standard specimen that 
could be obtained from the reduced section of the creep-test 
specimen after test and thus provide material for determining 
in duplicate the degree of embrittlement or loss of ductility in 
impact as affected by the time at temperature, stress, and elon- 
gation in the creep test. 

Tables 11B and 12B show the values for impact resistance as 
heat treated. Both the low-carbon and high-carbon rolled ma- 
terials show high impact values of 105 and 107 ft-lb, respectively, 

16 National Metals Handbook, A.S.S.T., 1933, p. 447. 


pierre daignboedealatbeda dated HLL 


Carbon Rolled 
, content, or 

Material % cast Heat treatment 

K9ec 0.06 Rolled Water quenched from 2100 F 
K9d 0.085 Rolle Water quenched from 2100 F 
K9ec 0.06 Rolled Air quenched from 1950 F 
K9d 0.085 Rolled Air quenched from 1950 F 
K19LRW 0.067 Rolled Water quenched from 2000 F 
K19HRW 0.125 Rolled Water quenched from 2000 F 
K19LRA 0.067 Rolled Air quenched from 2000 F 
K19HRA 0.125 Rolled Air quenched from 2000 F 
K19LCW 0.067 Cast Water quenched from 2000 F 
K19HCW 0.125 Cast Water quenched from 2000 F 


@ Values by interpolation. 
b’ Tests on unbroken end of bars that broke in the creep tests. 


while the cast materials show values of 92 and 93 ft-lb. 
After creep test the two round Izod impact-test specimens 
were machined from the reduced section of each creep-test speci- 
men. After taking a disk 0.3 in. thick from the center of the 
reduced section to provide material for metallographic examina- 
tion, the impact specimens were taken so that the notches were 
located in the gage length at a distance of about !/, in. from the 
end of the reduced section. It was very surprising, in view of 
the results on K9, to find upon making the impact tests on these 
materials after creep test that in most cases very little change 
in impact resistance had occurred, and many engineers would 
consider that even in the worst cases no really serious lack of 
toughness was shown.’7 For comparison some of the impact 
data on these K19 steels and on the K9 steels previously studied 
by the Committee* are collected in Table 14, where the change 
in impact values within the series of Charpy tests on K9 steel 
and the absence of change in impact values within the series of 
Izod tests on K19 steel is clearly shown.1* 

It can be definitely stated that neither the rolled nor the cast 
low-carbon water-quenched K19L showed the slightest sign of 
room-temperature impact embrittlement after the creep test, 
all values being within experimental error of the initial values. 
The rolled high-carbon K19H, water-quenched, drops in indivi- 
dual bars from an initial 107 ft-lb to 63 or 64 after 1000 hr at 
1100 F or 1078 hr at 1200 F, but longer time (1529 hours) 
at 1100 F brings it up to 86 ft-lb, 1500 to 1800 hr at 1200 F 
increases it to 85 to 96 ft-lb, and after 665 hr at 1400 F, the 
value is 93. It cannot be certainly stated whether the material 
definitely passes through a minimum range of impact values and 
then improves with longer times and higher temperatures, or 
whether the loss in impact varies in individual bars. However, 
it is very plain that the K19HR does not act like the K9 ma- 
terials in showing a consistent drop in impact in both water and 
air-quenched conditions, for in the few tests made on air-quenched 
K19HR it showed no drop of impact at all after creep. Since 
K19HC, the high-carbon cast material, showed the notably brittle 

17 Bain, Rutherford, and Aborn (The Book of Stainless Steels. 
p. 346) point out that a 50 per cent drop ‘‘still leaves the metal in a 
highly ductile condition.” Newell (p. 357) also points out that a 
50 per cent drop leaves toughness “which is still ample to withstand 
any shock likely to be met.” 

18 Duff (The Book of Stainless Steels, p. 487) states that low- 


carbon 18-8 drops from an initial 75 ft-lb (Charpy) to 45 ft lb after 
3000 hr above 1000 F after which it is constant. 
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TABLE 14 SUMMARY OF THE IMPACT TEST DATA SHOWING COMPARISON WITH EARLIER TESTS ON K9ce AND K9d STEELS 


Charpy Impact Resistance, Ft-Lb 


1000 hr at 1000 hr at 1000 hr at 1000 hr at 
As heat 1000 F, 1100 F, 1200 F, 1400 F, 
treated no stress no stress? no stress no stress 
87 79 70 61 40 
83 83 70 56 41 
82 74 63 56 49 
77 78 64 53 39 
Izod Impact Resistance, Ft-Lb— 
(Hr under (Hr under (Hr under (Hr under 
As heat stress), stress), stress), stress), 
treated 1000 F 1100 F 1200 F 1400 F 
101-107 (1060-1550) (770-1200) (240-1650) 5 
107-117 99-111 97-111 ee 
103-109 (1120-1760) (1000-1500) (1078) (665) 
74-117 64-86 63-74 93 
(1500) 
88-96 
(1820) 
85 
(842) (390) 
109-119 113-114 
(1130-1500) (1080) 
110-115 105-106 
91-95 (1130-1600) (960-1300) 
93-97 ee 92-106 
93-94 (440-1500) (475-1140) (800-1300) 
85-101 99-1036 58-97 
(270-650-800) 
47-885 


behavior of breaking with only slight elongation in creep test, 
it would be expected that impact bars cut from the unbroken 
end of a bar that had fractured would show impact embrittle- 
ment. To the contrary, the impact bars from the unbroken 
ends of KI19HC that broke in creep at 1100 F gave slightly 
higher impact values than the original 93 ft-Ib on the material be- 
fore creep. After creep at 1200 F the other ends of fractured 
bars, which may have been damaged by incipient cracks of the 
type that caused the tensile fracture in creep rather than having 
true impact embrittlement, ran from 47 to 88 ft-lb, while ends 
of bars that did not fracture ran from 58 to 97, the latter value 
being higher than the original. It is, therefore, possible for even 
this apparently tension-brittle high-carbon cast material to 
emerge from 865 hr at 1200 F under creep without being con- 
sistently impact-brittle. 

With the thought that the highest test temperature of 1200 F 
might not be high enough to embrittle seriously these two par- 
ticular heats, a creep test was run 665 hr at 1400 F on a high- 
carbon rolled specimen for the special purpose of detecting em- 
brittlement. A value of 93 ft-lb was obtained after the creep 
test, a reduction of 14 ft-lb from the original value as heat treated 
but still very tough and comparable to specimens tested after 
creep at 1000 and 1200 F. 

These data are in sharp contrast to the general idea that the 
range from 1100 to 1400 F is one of marked deterioration for all 
unstabilized 18-8 of carbon content over the solubility limit. 

There were two differences between the tests on K9 and K19 
steels besides differences in melting practise. In the tests re- 
ported‘ the K9 steel was heated 1000 hr without stress. The 
K19 steel in the creep tests herein reported was heated under 
various stresses for periods mostly between 750 and 1750 hr 
(also 665 hr at 1400 F). It has been reported by Crocker® 
and Newell? that 18-8 steel, even without stabilizing additions 
like titanium, molybdenum, and tungsten, may emerge from long 
periods of active service without embrittlement. 

Payson” reports an 18-8 alloy with 0.08 per cent carbon, 0.8 
per cent tungsten as perfectly resistant, yet others using the same 
composition do not find it resistant, which is another instance 


19 Sabin Crocker. Discussion. A.S.T.M.-A.S.M.E. Symposium on 
Effect of Temperature on the Properties of Metals, 1931, p. 63. 

2 P, Payson. ‘‘Prevention of Intergranular Corrosion in Corro- 
sion-Resistant Chromium Nickel Steels.”’ Trans. A.I.M.E. (Iron 
and Steel Division), vol. 100, 1932, p. 306; discussion, p. 332. 
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B21’-3: Rouuep, Low-Carspon K19, Fie. 39 48: Routpp, Low-Carson K19, Fie. 40 1382-2: Cast, Low Carson K19, 
Water QuENCHED From 2000 F anp TesteD WATER QUENCHED From 2000 F anp Trestep WaTER QUENCHED FRom 2000 F anp TustTEpD 


at 1000 F, 1293 Hr ar 21,815 Lp per SqIn. at 1200 F, 1346 Hr ar 10,600 Ls PER Sq In. av 1200 F, 1300 Hr ar 7000 Ls prr Sq IN. 
(Magnification of etched specimens in Figs. 38, 39, and40—500X. Etchant—two parts HCl, one part HNOs, and one part acetic acid in three parts of glycerin.) 
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where a given lot of material is resistant while it seems that it 
should not be. 

There is indication that stress hastens the progress of the alloy 
toward equilibrium, so that the changes that are taking place 
are accelerated. This tendency has been noted by Krivobok*+ 
and Tucker and Sinclair?? and has been appraised as probable 
by Bain, Aborn, and Rutherford.?3 

The acceleration of the changes, especially carbide precipita- 
tion, by stress might be expected to produce more instead of less 
embrittlement. But Bain, Aborn, and Rutherford show that a 
restoration period follows the period of susceptibility to inter- 
granular embrittlement as determined in the Strauss corrosion 
test, and their Fig. 3 shows for an 0.08 per cent carbon 18-8 steel 
at 1200 F without load-increasing susceptibility up to about 
100 hr but a recovery thereafter, so that at 1670 hr the original 
zero susceptibility of the quenched material was restored. 

The period of 1670 hr is in the region of the times to which 
the K19 steels were subjected to stress at 1200 F; hence it is pos- 
sible that the K19 creep specimens may have passed through a 
period of susceptibility and then recovered. 

However, it is not certain that susceptibility to intergranular 
corrosion implies embrittlement as shown by impact tests, or 
vice versa. Tindula*4 and Krivobok*! do not find susceptibility 
to intergranular corrosion and impact embrittlement necessarily 
to go hand in hand. Bain, Aborn, and Rutherford® say specifi- 
cally, “The loss of ductility and intergranular sensitization both 
accompany carbide precipitation but have otherwise no funda- 
mental inter-relation.”’ 


21: VY. Krivobok, unpublished report presented at the 1932 Metal- 
lurgical Advisory Board Meeting, Carnegie Institute of Technology. 

22 W. A. Tucker and S. E. Sinclair, ‘‘Creep and Structural Sta- 
bility of Nickel-Chromium-Iron Alloys at 1600 F (870 C),” Bureau 
of Standards Journal of Research, vol. 10, 1933, p. 851, Research 
Paper No. 572. 

23 E. C. Bain, R. H. Aborn, and J. J. B. Rutherford, ‘‘Prevention 
of Intergranular Corrosion in Austenitic Stainless Steels,’’ A.S.S.T., 
vol. 21, 1933, p. 481. 

24 Roy W. Tindula, ‘‘The Impact Properties of Austenitic Cr-Ni 
Steels,’’ Thesis No. 22452, College of Engineering, Carnegie Institute 
of Technology. 

* The Book of Stainless Steels, A.S.S.T., 1933, p. 346. 

<s 


It was proposed in the test program herein reported to make 
corrosion tests on pieces taken from the reduced section of the 
creep-test specimens after test. With the uncertainty regarding 
relation between corrosion and impact resistance, it was decided 
first to run a few tests on samples taken from bars of steels K9c 
and K9d, whose impact resistance had been previously reported. 
Six samples were selected for the test. Three samples were of 
steel K9c (0.06 per cent C) and three of steel K9d (0.085 per 
cent C). All three of each steel were water quenched, one being 
tested as quenched and the other two after 1000 hr at 1200 
and 1400 F subsequent to quenching. 

They were boiled for six hr in a solution containing 10 per cent 
by weight of e.p. sulphuric acid (anhydrous) and 10 per 
cent by weight of copper sulphate (anhydrous). After boiling 
for six hr the specimens were removed and washed and weighed 
to determine loss in weight. 

The results obtained in one six-hour run and shown in Table 
15, indicate that the samples tested as quenched had been at- 
tacked very little. It is shown that specimens Nos. 10 and 28 
after the 1000-hr draw at 1200 F, as expected, had lost con- 
siderable weight in the six-hr corrosion test, the greatest loss 
occurring in the high-carbon specimen. But specimens Nos. 
11 and 29 after the 1000-hr draw at 1400 F, which treatment 
produced the lowest impact resistance, were attacked very little 
and are comparable to specimens Nos. 7 and 25 tested as 
quenched. 

These data, therefore, suggest the possibility that the pro- 
posed H.SO,-CuSO, corrosion tests may not indicate relative 
embrittlement of this 18-8 steel with regard to the resistance of 
the material to impact, and suggest that-the specimens taken 
from the creep-test specimens after prolonged creep tests be re- 
served until more is known of the value of these proposed cor- 
rosion tests. 

Schmidt and Jungwirth?® record impact tests on a 19 per cent 
Cr, 7.8 per cent Ni alloy containing only 0.02 per cent carbon, a 
composition free from susceptibility to corrosion according to 


26 M. Schmidt and O. Jungwirth, ‘‘Warmsprédigkeit Austenitis- 
cher Stahle,’”’ Archiv fiir das Eisenhiittenwesen, June, 1933, p. 559 
to 562. 
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others, which showed a loss of some 
50 per cent of the impact strength of 
the quenched material after heating 
400 hr at 1560 F. They also show 
a drop in tensile strength of 10 per 
cent after heating two hr at 1100 F 
and an increase of 20 per cent after 
five hr at 1300 F, and conclude that 
either a very small amount of carbon 
above the accepted solubility limit 
may induce marked precipitation- 
hardening effects or else that some 
other constituent, as an oxide, also 
exerts precipitation-hardening 
effects. 

If it be assumed that embrittle- 
ment and recovery may occur on 
heating under load in some such 
manner as do susceptibility and re- 
covery from it, and that the K19 
creep specimens when subjected to 
the impact test had recovered but, 
that had they been tested for impact 
at an earlier stage in the creep tests 
they would have been found brittle, 
it is worthy of note that the creep 
curves do not show any changes of 
direction to indicate at what times 
embrittlement or recovery take place. 

E. C. Smith?’ stated that induc- 
tion-furnace material of the same y 
analysis as are-furnace material (18 x 
Cr, 8 Ni) may show very much slower Dene 
embrittlement. Although the chemi- ¥ Y 
cal compositions as shown by ordinary F 
analyses may be exactly the same, in- ee / 
duction and arc-furnace alloys act .- 
differently under working and re- 
crystallization temperatures by a 7 
large margin, and all through the «. . eee 


F > 


cet 
é 
‘ 
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plant are handled as different ma- Br aa a 


terials. ee 4 
Without tests at much earlier ‘ 

stages (shorter times) in creep, it 

cannot be said whether K19 em- 


ims 
f. 
brittled at first and recovered by the i 
i 


time the creep bars were removed or 
whether this induction-furnace ma- 
terial had not yet begun to be em- 
brittled. 

Some members of the committee 
have remarked that much of the 
work on susceptibility to corrosion 
embrittlement has been done on thin stock, sheet, and strip, and 
that perhaps there is a surface action which would make these 


. 
4 


27. C. Smith, Republic Steel Corporation, private communica- 
tion. 


TABLE 15 CORROSION TEST 


Fic. 41 G35’-1: Rotiep, Hies-Carson K19, 
Arr QUENCHED From 2000 F anp TESTED aT 
1200 F, 1078 Hr at 6065 Ls PER Sq Ib. 


Fig. 43 G27-1’: Rottep, Hica-Carson K19, 
Water QuENCHED From 2000 F anp TESTED 
av 1100 F, 1024 Hr at 19,570 Ls PER Sq In. 


(Magnification of etched specimens in Figs. 41, 42, 43, and 44—500X. Etchant—two parts HCl, one 
part HNOs, i 
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Fic. 42 27-1: Rouusp, Hies-Carson K19, 
Water QuENCcHED From 2000 F anp TresTED 
ar 1000 F, 1342 Hr at 28,570 Ls Per Sq In. 
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Fie. 44 12-3-1: Cast, Hies-Carson K19, 
Water QupncHEeD From 2000 F anp Testep 
a? 1200 F, 796 Hr at 10,565 Ls per Sq In. 


and one part acetic acid in three parts glycerin.) 


specimens embrittle faster than more massive specimens, or that 
the worst material was lost in machining the notch. Though 
this argument would hardly apply to the °/s-in.-square specimens 
of K9 in the previous committee investigation, plans were made 
to roll the K19 materials into thin stock and 
study its susceptibility in cooperating labora- 


Carbon Surface Original Final 

Specimen conteht Heat area weight, weight, 
number per cent treatment? sq in. g 4 

K9e (7) < 0.07 WQ 0.7380 6.1241 6.1239 
K9ec (10) <= OL0F WQ and D (1200 F) 0.7424 6.1771 6.1727 
KQe (11) < 0.07 WQ and D (1400 F) 0.7434 6.1993 6.1989 
K9c (25) 0.08 to0.12 WQ ‘ 0.7421 6.1839 6.1838 
K9c (28) 0.08 to0.12 WQ and D (1200 F) 0.7411 6.1969 6.1737 
K9e (29) 0.08 to0.12 WQand D (1400F) 0. 7416 6.1984 6.1981 


@ WQ indicates water quench; D indicates draw for 1000 hours. 


Loss in Impact 
weight, resistance 
ft-lb 


& 
0.0002 
0.0044 
0.0004 
0.0001 
0.0232 
0.0003 


tories. This work has not yet progressed: far 
enough to y-eld any information. 


METALLOGRAPHIC EXAMINATION AFTER CREEP 
AND Fatigue TEstTs 


Disks 0.3 in. thick were cut from the center of 
the gage length of the creep test specimens after 
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test. The first specimens were examined on a transverse sec- 
tion, but later specimens were examined on a longitudinal sec- 
tion. 

Figs. 4, 5, 6, and 7 have shown the structures of the low- and 
high-carbon rolled and the high-carbon cast materials as heat 
treated by water quenching from 2000 F. 

Figs. 38, 39, and 40 show photomicrographs of some of the wa- 
ter quenched low-carbon cast and rolled specimens after creep 
test. Fig. 38 shows specimen B21’-3 tested at 1000 F for 1293 
hr, while Fig. 39 shows specimen 48 tested at 1200 F for 
1346 hr. Both show precipitation of carbides in the grain 
boundaries, with the greater amount in the specimen tested at 
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Fie. 45 G30’-8: Rotiep, Hicgu-Carson 18-8 (K19), Testep aT 
1200 F, 1518 Hr at 9500 LB per Sq In. 
(Magnification—1000 X; Murakami etch; photomicrograph by Payson.) 


1200 F. There are indications that some precipitation has oc- 
curred within the grains in specimen 48 tested at 1200 F. Fig. 
40 shows cast specimen 1352-2 tested at 1200 F for 1300 hr. 
The grain size in the cast material is very large, as was shown 
in the macrographs in Figs. 2 and 3; so in Fig. 40 it was only 
possible to show the junction of several grains. It may be seen 
that there is considerable carbide precipitation in the grain 
boundaries of this cast specimen. 

Figs. 41, 42, 43, and 44 show photomicrographs of some of 
both air-quenched and water-quenched high-carbon cast and 
rolled specimens after creep test. Fig. 41 shows specimen 
G35/-1 (air quenched) tested at 1200 F for 1078 hr. Heavy 
carbide precipitation has taken place in the grain boundaries 
and also very noticeable precipitation along twin lines within 
the grains. Figs. 42 and 43 show specimens G27-1 and G27-1’ 
after test at 1000 F for 1342 hr and at 1100 F, for 1024 hr, 
respectively. Both show carbide precipitation, with the greater 
amount in specimen G27-1’ tested at 1100 F. Fig. 44 shows 
specimen 12-3-1 (cast) tested at 1200 F for 796 hr. As in the 
case of the low-carbon cast specimen 1382-2, a representative 
section shows the junction of several grains and considerable 
carbide precipitation in the grain boundaries. 

.There appears to be little if any difference in the amount of 
precipitation between the low- and the high-carbon material, 
whether as cast or rolled. A greater amount of precipitation 
appeared to take place in those specimens tested at the higher 
test temperatures of 1100 and 1200 F than in those tested at 1000 F. 

In order to examine the hypothesis that stress may accelerate 
carbide precipitation, .through the courtesy of C. L. Kinney, 
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John A. Mathews, and C. E. MacQuigg, selected specimens of 
the 1200 F series of fatigue bars were examined by Mr. Han of 
the Illinois Steel Company, and selected specimens from the 
creep tests were examined by Mr. Han, Mr. Payson of the Cru- 
cible Steel Company, and Mr. Vilella of the Union Carbide and 
Carbon Research Laboratories. 

Messrs. Han, Payson, and Vilella were asked to note any dif- 
ference in the amount or nature of the carbide separation from 
that which, from their experience in the examination of the 
materials of the compositions in question, they would expect to 
find after heating without load for the times and temperatures 
to which the K19 specimens had been subjected. Mr. Han was 
asked to note especially any difference between the periphery 
and the center of the fatigue bars, since the periphery of the 
reversed bending fatigue bar is subjected to the maximum stress, 
whereas the stress decreases to zero at the center of the bar. 

The conclusions previously stated were verified by the findings 
of Mr. Payson of the Crucible Steel Company, who examined 
some of the creep-test specimens after test. Figs. 45 and 46 
show photomicrographs made by Mr. Payson which indicate 
that the precipitation in the high-carbon cast and rolled speci- 
mens was of a similar nature to that previously noted. Mr. 
Payson stated that he was unable to detect any influence on the 
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Fic. 46 G30’-8: Roxtiep, HigH-Carpon 18-8 (K19), TestTep aT 
1200 F, 1518 Hr at 9500 Ls PER Sq In. 


(Outer edge of sample showing strain lines. Magnification—200X. Etchant 
—50 per cent HClin alcohol; photomicrograph by Payson.) 


manner or amount of precipitation due to the stressing of the 
creep-test specimens during the long test period at the high tem- 
peratures. 

Mr. Vilella of the Union Carbide and Carbon Research Labo- 
ratories also examined some of the creep-test specimens. He 
found greater precipitation in the specimens tested at the higher 
temperature of 1200 F, irrespective of their carbon content, 
duration of test period, or load applied. He found no evidence 
of acceleration of precipitation due to stress. Specimens tested 
at 1200 F showed considerable intragranular precipitation, while 
in specimens tested at 1000 F no intragranular precipitation was 
detected. 

Mr. Han of the Illinois Steel Company, after his examination 
of the fatigue specimens, concluded as follows: 


(1) Carbide precipitation in the K19 steels under this in- 
vestigation is the same as that found in the average 
commercial stock of the same chemical composition. 
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(2) Time and carbon content are directly controlling factors 


of the amount of carbide precipitation, and time is the 
more important factor of the two. 


(3) Under zero stress most carbides segregate in the grain- 


boundary regions in the wrought material, while they 
are concentrated mostly in the original location of fer- 
rite areas in the castings. 


(4) For wrought steel there is no measurable difference in 


the amount of carbide precipitation between maximum 
repeated-stressed and zero-stressed zones in fatigue 
specimens tested at 1200 F. There is a definite differ- 
ence in the distribution in the two extreme areas. Cold- 
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working, in terms of maximum repeated stress, causes 
uniform precipitation of very fine carbide particles 
along the slip bands, while in the absence of stress the 
natural tendency is for the carbides to segregate to the 
grain-boundary regions in relatively larger particle 
size. This difference is smaller in lower-carbon and 
shorter-duration samples than in the higher-carbon 
and longer-duration ones. Slower rate of stress al- 
ternation seems to induce greater difference in distri- 
bution between the stressed and unstressed regions. 


(5) Not much slip is developed in the limited number of 


cast samples examined. 
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Laws of Elastic Behavior in Metals 


‘Summary Report on Experimental Program at Union College by A.S.M.E. Special Research 


To aid in rational spring design and in other problems of 
design where resilience or deflection are important mat- 


- ters, a general picture may be advisedly drawn of various 


phases of elastic behavior in metals, which deviates widely 
from the simple explanation given by Hooke’s law. For 
rough computation these deviations need not be con- 
sidered, but where loads are high enough so that an 
accurate knowledge either of stresses or of deflections is 
required, or where an accurate theoretical knowledge is 
desired, they cannot be ignored. The statement given 
below, which in places is necessarily more or less theoreti- 
cal, summarizes this picture. It emphasizes particularly 
those various factors which have been brought out in the 
work carried on at Union College for the past few years 
under the auspices of the A.S.M.E. Special Research Com- 
mittee on Mechanical Springs.” Accompanying tables 
give numerical values of these various effects for a range of 
different metals. 


Hooke’s law has served as a basic principle underlying 

mechanical design. Everything considered, this law is 
surprisingly well obeyed by our principal materials of construc- 
tion. In cases, however, where high precision is needed or 
where very high stresses are used, as in many cases in spring 
design, the deviations from this rule become of importance. 
Backed by the A.S.M.E. Special Research Committee on Me- 
chanical Springs, studies of these deviations and of other items, 
have been carried on for several years at Union College. The 
details of this investigation, particularly in regard to behavior 
in tension, compression, and bending, have been reported in 
several papers presented in the past. 

The present paper is intended as a final report. Details of 
the studies of torsional behavior are included in the appendix 
while the body of the paper summarizes the results of the in- 
vestigation and correlates them with information obtained 
elsewhere. 


Ges it was first enunciated by Robert Hooke in 1678, 


1 Associate Professor of Applied Mechanics, Union College. Mem. 
A.S.M.E. Professor Sayre was graduated from Columbia Univer- 
sity with the degrees of E.M. and A.M. Seven years of engineering 
experience were followed by twenty years at Union College, the 
latter portion diversified by research and consulting work carried 
on for the General Electric Company and for other concerns. 

2 “Plastic and Inelastic Behavior in Spring Materials,”’ by M. F. 
Sayre, A.S.M.E. Trans., vol. 52, 1930, paper no. APM-52-9. 

“Plastic Behavior of Spring Materials,’’ by M. F. Sayre, Proce. 
A.S.T.M., vol. 30, part II, p. 546. 

“Plastic and Inelastic Behavior in Spring Materials (Continued),” 
by M. F. Sayre, A.S.M.E. Trans., vol. 53, 1931, paper, no. APM- 
53-8. 

“Blastie After-Effect in Metals,” by M. F. Sayre, Journal of Rhe- 
ology, vol. 3, 1932, p. 206. 

“Thermal Effects in Elastic and Plastic Deformation,” by M. F. 
Sayre, Proc. A.S.T.M., vol. 32, part III, p. 584. 

Contributed by the A.S.M.E. Special Research Committee on 
Mechanical Springs and presented at the Annual Meeting, New York, 
N. Y., December 4 to 8, 1933, of THE AMERICAN Socrrty or Ms- 
CHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


Committee on Mechanical Springs 


By M. F. SAYRE,! SCHENECTADY, N. Y. 


Hyprostatic PRESSURES 


Under pressure acting from all directions simultaneously, 
or so-called hydrostatic compression, a body loses in volume 
at a decreasing rate with increasing pressure. It has been 
shown by Bridgman and others that the volume modulus of 
elasticity, K, may as a first approximation be expressed in 
the general form K = Ky + C,S. Values of K also are affected 
by temperature, the stiffness decreasing with increasing tem- 
perature. As with a gas, the sudden or adiabatic application of 
pressure results in a slight increase of temperature, decreases in 
temperature being caused by sudden reductions of pressure, or 
by their equivalent, the application of hydrostatic tension. 
These changes in temperature naturally cause corresponding 


TABLE 1 THERMAL CREEP IN TENSION 
(Approximate value of coefficients for various materials) 
Thermal 
Coeffi- Modulus Coeffi- 
cient of of elas- cient of 


linear ex- ticity, Z, modulus 
pansion, lb persq of elas- 


Density, Specific a X in., X ticity, m, kh, X 
Material p heat, s 10-6 107-5 << T0547, 1055 ke 
Magnesium 1.74 0.24 25.8 6.25 9.4 29.80 0.00480 
Aluminum 2.7 0.21 23.0 10 5.3 19.64 0.00454 
Steel Fase. 120.102 FEZ 30 3.27 7.02 0.00246 
Nickel 8.9 0.102 13.2 30 2.6 7.02 0.00278 
Copper 8.93 0.091 16.8 17.8 3.59 10.00 0.00299 
Tungsten 19.3 0.034 4.44 55 0.87 3.27 0.00080 
Platinum 21.37 0.030 8.99 23.5 0.73 6.77 0.00143 


Change in temperature under elastic tensile strain = AS. 

Adiabatic value of E = (1 + k:) X isothermal value. 

Thermal creep = k: X adiabatic elastic elongation, approximately. (For 
exact equations, see ‘Thermal Effects in Elastic and Plastic Deformation,” 
by M. F. Sayre, Proc. A.S.T.M., vol. 32, part II, p. 584.) 

Nore 1: Values of aand mare given perdeg C. Different experimenters, 
working with different lots of material supposedly of the same general com- 
position, have obtained widely varying values of m. Great reliability is 
therefore not claimed for values of m in Tables 1, 2, and 3. 


Cal) _ GakT 4.185 X 107, and C = 


Norse 2: kh = ka 
conversion factor from dynes per sq em to lb per sqin. = 6.894 X 104. 


ra, Sa, , where J = 


secondary changes in volume and so affect the apparent change 
in size under loading. The adiabatic volume modulus of elas- 
ticity is, therefore, slightly larger than the isothermal modulus. 


SHEARING STRESSES 


(1) No change, or almost no change, of volume occurs under 
shearing stresses, and the adiabatic and isothermal moduli are 
essentially the same. 

(2) Very precise studies carried on by John Chatillon and 
Sons, which will presently be reported in detail, indicate that the 
modulus of elasticity in torsion does not vary consistently with 
increasing stress in torsion. 

(3) The torsional or shearing modulus varies with tempera- 
ture, stiffness decreasing with increasing temperature. 

(4) Overloadings beyond the elastic limit in torsion, whether 
on straight wire or on coiled springs, materially decrease the 
modulus of elasticity under future moderate loads. 

(5) In very precise torsional-pendulum measurements at 
Union College, for small amplitudes of oscillation corresponding 
to torsional stresses below 1000 to 1500 lb per sq in. erratic varia- 
tions in stiffness of from 1 to 10 per cent were found. For larger 
amplitudes consistent results were obtained. Further investiga- 
tion of the causes for these erratic variations is needed. (For 
details of these tests, see the Appendix to this paper.) 
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(6) By varying the weight of the bob of the torsional pendu- 
lum, the torsional modulus, G, was determined for the same tor- 
sional ranges but in wire under a wide range of tensile stress, 
from small values up to almost the elastic limit of the wire. 
As the tension increased, values of G@ decreased as figured on the 
basis of the original unloaded dimensions of the wire. Most 
of this variation disappeared when G was refigured on the basis of 
the actual length and diameter of wire under load. 


Direct TENSILE OR COMPRESSIVE STRESSES 


From a theoretical point of view, uni-directional tension is a 
composite of hydrostatic tension and of shearing stresses, and be- 
havior under tension represents a composite of the behaviors 


TABLE 2 HYDROSTATIC COMPRESSION OR TENSION? 
Tempera- 
ture coef. 
of mod., ki, X 
Material Modulus K, 30 C per deg C 1075 ke 
Aluminum, hard drawn 
and annealed 10,320,000—3.9S 0.00095 58.9 0.0140 
Cast 10,250,000—5.5 S OZOOO55 = vricen visteve eras 
Copper, commercial 
drawn rod 18,810,000—10.1S 0.00021 30.0 0.0095 
Same, annealed 18,890,000—10.2 8 OX0002E ee es eon eee 
Pure ‘‘best select”’ 19,140,000—10.1S OZO0OL5 Miys cc.) Mesteraiers 2 
Iron Armco, annealed 23,470,000—12.0S 0.00026 21.0 0.0058 
Nickel 99%, drawn and 
annealed 26,240,000—15.0S 0.00012 21.0 0.0073 
Forged, drawn and an- 
nealed 26,050,000—14.7S ORQOOZS 5 ereteay  estarale's 


@ Computed on the basis of data by Prof. P. W. Bridgman, Proc. Am. 
Acad. Arts and Sciences, vol. 58, p. 166; vol. 59, p. 109, 1923. 


TABLE 3 SHEARING MODULUS 
Shearing Bs G Temp. Coef. of Shearing 


at 2 modulus (Col. 2), 
Material 108 lb per sq in. m 
(1) (2) (3) (4) 

Aluminum aac 3.73 0.00058 0.00062 
Duralumin ah 3.93 0.00057 0.00062 

17 SRT alloy 3.82 i otek Foe 
Monel annealed, ne 9.67 0.00036 0.00038 

Hard drawn ne 9.84 0.00040 0.00042 
Brass, ie 5.02 0.00046 0.00049 

As drawn 5.05 oes sien TONG 

Relief annealed 5.18 5 ees aits 
Phosphor bronze 6.3 6.41 0.00045 0.00048 
Nickel 11.2 gh eratate Sint 
Coin silver Sete 4.24 0.00052 0.00056 
Nickel silver, as received 6.24 0.00041 0.00044 

Tempered at 475 C 6.93 0.00033 0.00036 

Tempered at 650 C 6.39 0.00035 0.00038 
Drill rod steel mci 11.2 0.00022 0.00023 
Oil tempered steel Poe 11.3 0.00032 0.00033 
0.67% C steel, heat . 

treated, 

0.080 in. diam. 10.95 Sa Eshls 

0.046 in. diam. 11.15 Pee Rotts 

0.0281 in. diam. 11.25 - ARO 
Hard drawn steel wire 11.4; =e ee rote 
Music wire 11.3 11.4 0.00038 0.00040 
Chrome vanadium steel : 11.4 to 12.6 0.00028 0.00029 
Chrome molybdenum steel 17 0.00043 0.00044 
Stainless steel 12.3 to 12.6 noe to 8 00027 to 


| . 00038 
18% Cr 8% Nisteel wire 10.9 OPEC 


Column 

1 Obtained in Union College investigation. For detailed description 
of materials see previous reports in A.S.M.E. Transactions. 

2 See Report No. 358, Nat. Adv. Comm. for Aeronautics. ‘‘Temperature 
Coefficient of the Modulus of Rigidity of Aircraft Instrument Diaphragm 
and Spring Materials,” by W. G. Brombacher and E. R. Melton. 

3 Modulus as based on original size. 

4 Modulus corrected to refer to actual size after temperature change. 


as already described. The relation between the three moduli for 
a homogeneous? isotropic material is given by the equation: 


9GK 


E= G43K 


3’ This equation, as well as the various equations connecting 
Poisson’s ratio with Z, G, and K, must be used with some care when 
dealing with metals, particularly when cold rolled or drawn. Due to 
the presence of preferred orientation of crystals, the material may 
not, properly speaking, be homogeneous or isotropic. Much more 
complex equations may be needed. 
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(1) Young’s modulus of elasticity, HZ, varies with stress as 
given by the equation: 


E = & = CS 


+ being used for compression, and — for tension. 

(2) E varies with temperature, decreasing with increasing 
temperature. 

(3) The adiabatic value of # is greater than the isothermal 
value, but this difference is a smaller percentage than under 
hydrostatic compression since smaller changes in volume occur. 

(4) In work done by D. K. Froman at the Ryerson Physical 
Laboratory in Chicago, variations in values of H under very 
small tensile loads were found. His results harmonize with the 
erratic values of G found for low torsional stresses in the Union 
College investigation. No explanation of these peculiar varia- 
tions has as yet been given and further work is needed. 

(5) As noted in earlier reports, over-stress beyond the elastic 
limit in tension usually but not always results in decreased values 
of # under future moderate stresses. 


BENDING STRESSES 


Bending stresses represent a composite of tensile and com- 
pressive stresses, usually with shear added. 

(1) In bending, the increase in H with stress on the compres- 
sion side of the beam counterbalances the corresponding de- 
crease in E on the tension side, so that the over-all stiffness of the 
beam is virtually unaffected and may be computed on the basis 


TABLE 4 MODULUS OF ELASTICITY IN TENSION? 


Corrected to 20 C (68 F) 
Specimen Materiald Diam., in. Modulus 
Measurements Made Using Deadweight Loading, 52 Ft Gage Length 


481 0.67%C heat-treated steel wire 0.0281 30,010,000—6.6 S 

479 0.67%C heat-treated steel wire 0.0465 30,170,000—6.5 S 

532 Hard drawn spring wire 0.043 28,800,000—6.8 S 

534 Music wire 0.025 29,920,000—4.8 S 

533 Music wire 0.045 29,770,000—4.5 S 

493 Spring temper brass wire, as 

drawn 0.040 14,300,000—4.6 S 

485 Relief annealed > 0.040 15,500,000—4.6 S— 
0.0001 S? 

501 Relief srinealod®.7 4) yuil- heat Gas x2 15,300,000—5.0 S— 
0.0001 S? 

494 Phosphor bronze wire 0.040 15,580,000—5.4 S 

499 Nickel wire® .050 About 33,400,000 

500 About 32,300,000 


19,120,000—6.0 S 
17SRT aluminum alloy wire : 10,290,000—10.9 S 
17SRT aluminum alloy wire 0.065 10,280,000—6.2 S 


Measurements Made Using Amsler Machine 


0 

Redrawn to® 0.0458 
Hard copper wire 0 
0 


111 0.68%C heat-treated steel wire 1/3 X !/2in. 29,750,000—7.7 S 
112 0.68%C heat-treated steel wire 1!/s X 1/2in. 30,150,000—6.8 S 
113 0.68%C heat-treated steel wire 1/s X 1/2in. 29,540,000—8.3 S 
23g | 34/2% Nickel Steel Diam., 1/2 in. 29,190,000—4.3 S 
476 31/2% Nickel Steel Diam., !/: in. 28,950,000—10.9 S 
306 Spring tempered phosphor 

bronze 1/s X 1/2in.  14,700,000—10.8 S 


Diam., 0.327 in. 29,040,000—5.0 S 


1%C heat-treated steel 
Diam., 0.328 in. 29,120,000—6.7 S 


eat-treated silicon steel 


@ Union College investigation. 

’ The spring temper brass wire, relief annealed, was exceptional in that 
both samples gave stress-modulus of elasticity relationships which called 
for an equation involving S?. 

¢ The results with the nickel wires were affected by the initial “curl’’ in 
the wire, and are given as approximate values, for information only. 

4d For detailed description of materials, see previous reports in the 
A.S.M.E. Transactions. 


TABLE 5 MODULI OF ELASTICITY 


Ez ate ete 
Material 10° 108 G/E ° ~ 34 
0.67% C heat-treated steel wire 30.01 11.25 0.375 0.334 
0.67% C heat-treated steel wire 30.17 11.15 0.371 0.351 
Hard drawn spring wire 28.8 11.4 0.396 0.285 
Music wire 29.92 11.35 0.379 0.319 
29.77 11.25 0.378 0.321 
Brass wire, as drawn 14.3 5.05 0.353 0.415 
Relief annealed 15.4 5.18 0.336 0.486 
Phosphor bronze 15.58 6.3 0.404 0.236 
Nickel 33.4 11.2 0.335 0.491 
17SRT aluminum alloy 10.28 3.82 0.372 0.345 
Nors: The last column gives the values of p = Poisson's ratio as com- 


puted from the values of Z and @ given in previous columns, See text for 


discussion of validity of these values. 


RESEARCH 


of Hooke’s law. ‘True stresses on the compression side are some- 
what greater, 1 to 4 per cent, and on the tension side somewhat 
less than on the basis of Hooke’s law. 

(2) Due to the difference between adiabatic and isothermal 
moduli, any case of sudden bending will be followed by a period 
of thermal creep. Heat transfer in metal is so rapid that except 
in thick beams this period is very short. For a rectangular 
cross-section one-half of the creep will occur within the first 
3 b? seconds, where b is the side in inches. In shafting revolving 
at a moderate speed, or in small diameter high speed shafting, 
an appreciable amount of hysteresis loss may result from the 
thermal cycles through which this phenomenon causes the shaft to 
pass. 

(3) The temperature effect upon stiffness is the same in the 
case of bending as in the case of direct tensile or compressive 
stress. 

(4) As with direct tensile or compressive stresses, overstress 
in bending may result in decreased values of H under future 
moderate stresses. 

(5) The compression side of a beam tends to widen laterally 
as it shortens longitudinally, while the reverse effect occurs on the 
tension side. Asa result, the beam tends to warp, or curve, in the 
lateral direction. This is called the anti-clastic effect. In thin 
flat strips, as used in spiral springs, the development of this 
lateral curvature is obviously impossible. Prevention of the anti- 
clastic curvature produces as a secondary effect a fictitious stiff- 
ness in the strip as a whole, so that the apparent modulus of 
elasticity in bending may range up to 10 per cent higher than the 
measured value of # in tension for the same strip. In the limit- 
ing case, the stiffness will go up in the ratio of (1 — p?) to 1, 
where p is the value of Poisson’s ratio. 


EXPLANATION OF TABLES 


Table 1 gives values necessary for the computation of the 
differences between the adiabatic and isothermal moduli of 
elasticity, and also of the thermal creep in tension, for several 
typical materials. The column headings in this table are self- 
explanatory except the last two headed ki and kp. The change 
in temperature resulting from rapid application of elastic tensile 
or compressive strain, in deg C, equals the stress change S, in 
Ib per sq in., multiplied by the constant ky. Tensile strain 
causes a decrease and compressive strain an increase in tem- 
perature. The modulus of elasticity for rapid loading, or 
“adiabatic modulus,” is greater than the value for slow or iso- 
thermal loading in the ratio (1 + kz) to 1. 

In Table 2 the columns /; and ky give corresponding values for 
hydrostatic compression or tension. The column headed K 
gives the volume modulus of the material as of a temperature 
30 C in terms of the stress. For hard drawn aluminum, for 
example, the modulus of elasticity under low stress is 10,320,000 
Ib per sq in., and this value increases at the rate of 3.9 for each 
Ib per sq in. of applied pressure in compression. As noted in 
the table, these figures have been computed on the basis of data 
published by Dr. P. W. Bridgman. The terms are necessarily 
approximate only and equations involving higher powers of § 
would probably be needed to give the exact values. No experi- 
mental work has been possible, but for theoretical reasons, rate 
of decrease of the volume modulus under tensile stress should be 
the same as the rate of increase under compressive stress, giving, 
for example, for aluminum under 100,000 lb per sq in. hydro- 
static tension, a modulus of 9,930,000. 

Table 3 gives values of the shearing modulus G and of its 
temperature coefficient. As stated in the paper, the adiabatic 
and isothermal values of this modulus are essentially alike and 
this modulus also changes little with stress. Experimental 
results given by Keulegan and Houseman in the Bureau of 
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Standards Journal of Research for March, 1933, indicate that for 
any given material the temperature coefficients of Young’s 
modulus and of the shearing modulus are essentially alike, so 
that the temperature coefficients for special spring materials in 
shear may also be used in tension, compression, and bending. 

Table 4 gives values of Young’s modulus as a function of 
applied stress as determined in the Union College investigation. 
For details of this investigation see previous reports in the 
A.S.M.E. Transactions. It will be noted that the rate of change 
with stress given here is essentially of the same order of magni- 
tude as the rate of change of volume modulus with stress as 
determined by Bridgman. In this work every effort was made 
to eliminate or correct for the effect of plastic or pseudo-elastic 
creep and it is believed that these equations approximate to 
representing the true elastic behavior of the material. Due to 
the experimental difficulties involved in the measurement of 
Young’s modulus under compressive stress, all work here was 
necessarily confined to tensile loading. 

Table 5 gives comparisons of values of # and G as taken from 
Tables 3 and 4, and also values of Poisson’s ratio as computed 
from E and G on the basis of the usual formula. A further 
discussion of this table is given in the Appendix. Caution 
should be exercised in using these values of Poisson’s ratio. 
The formula p = (#/2G) — 1 is based on the assumption that 
the material has uniform properties in all directions. For cold- 
drawn wire particularly, it seems probable that, due to the pre- 
ferred orientation of the crystals in the wire, the modulus of 
elasticity is different in different directions and that the formula 
for Poisson’s ratio, therefore, is not valid in this instance. 


Appendix 


Trsts or ToRSIONAL BEHAVIOR 


Three methods of testing the shearing, or rather the torsional 
behavior, of a wire are readily available. It may be tested 
directly by applying a known torque to a straight length of the 
wire, and measuring the resulting angular twist. As an alterna- 
tive, two indirect methods may be used, either making the wire 
up in the form of a helical spring to be tested in extension or 
compression, or using the wire as the support rod for a torsional 
pendulum. 

The first method gives more obvious and more convincing 
results, but it has the disadvantage, where high precision is 
desired, that it is difficult to measure either the applied torque or 
the angle of twist without being affected by friction. The tor- 
sional pendulum method permits of very rapid and accurate 
measurements, but it has the disadvantage that due to the weight 
of the bob of the pendulum, the wire is necessarily under a com- 
bination of torsional and tensile stresses, rather than under tor- 
sional stress alone, and the second practical objection is that it is 
a much less obvious method than to take measurements under 
direct torque. The third method avoids the first part of this 
last objection, but introduces the difficulty that the measurements 
made represent, not the behavior of the wire, but the behavior of 
the completed spring, as affected by any imperfections in the 
spring formulas used, or by any changes in the material resulting 
from the method of manufacture. 

As the most advantageous method, it was decided to obtain 
the properties of the wires themselves by use of the torsional 
pendulum method, using a modification of the long wire set-up 
which was used in investigations in tension as described in the 
previous report; and then to make up these same lengths of wire 
into springs, to be tested by the third method, in order that the 
differences might be noted. This would give comparative data 
also, which would permit a direct comparison between values of 
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moduli of elasticity and hysteresis losses in tension and in torsion. 
The modulus of elasticity in shear of the wire used to support 
the bob of a torsional pendulum is given by the equation: 


8rLI 
grip? 


length of wire J = mass moment of inertia of bob 
radius of wire p = period in seconds 


where L 
- 


The pendulum bob was made up of a holder carrying a vari- 
able number of steel disks as weights, each 8.725 in. in diameter 
and slightly less than 1/2 in. thick. It was so designed as to be 
accurately centered under the wire, and to offer the minimum 
possible resistance to rotation from air friction. The wire had 
an effective length of about 626 in. The same general set-up 
was used as for the tension test, the wires being suspended inside 
a 3-in. pipe which itself passed through the length of a 5-ft- 
diameter vertical tank filled with water. In this way the wires 
were held at a controlled temperature and were also protected 
from any side drafts. The weights were turned through a 
known angle so as to put the wire in torsion and then released 
and allowed to rotate freely. The period of the pendulum 
ranged from 15 to 250 sec, depending on the wire and on the 
weight of the bob. By using a stop-watch and timing over an 
interval of fifteen to thirty minutes, this period could be measured 
with a high degree of accuracy. 

At the same time, the internal hysteresis in the wire was 
determined by measurements of the rate of decrease of amplitude 
of the vibrations. To do this, a small mirror adjustable in posi- 
tion was placed at the upper end of the bob, and by use of a 
telescope pointed at the mirror, readings on the reflected image of 
a scale fifty inches from the wire were taken at the end of each 
swing usually over a period of ten swings. The scale could be 
read with ease to a precision of 0.0002 radian of are, and as the 
amplitude of vibration ranged from one-sixteenth of a revolution 
to as high as three to five full revolutions each side of the mean- 
position, the probable accuracy of measurement of the decre- 
ment ratio as obtained by dividing the decrease in amplitude 
in radians per vibration by the amplitude in radians, was rela- 
tively high. This decrement ratio incidentally is numerically 
equivalent to the logarithmic decrement as usually given. The 
results are of course still affected by air friction and by the 
errors in reading resulting from lateral oscillations of the bob, 
which it was almost impossible to prevent completely. 

Tables 6 and 7 (not printed) give typical values of time of 
oscillation and decrement readings, and also of computed values 
of G and the decrement ratio for four different bob weights and 
for various amplitudes. Regarding these results the following 
statements may be made: 

(1) Consistent values of G are found for amplitudes of vibra- 
tion corresponding to torsional stress values greater than 1000 to 
1500 Ib per sq in. 

(2) These consistent values of G become lower as the bob 
weight, and so the tensile stress on the wire, increases if figured 
on the basis of the unloaded dimensions of the wire. If, how- 
ever, the true dimensions of the wire under load are used, the 
value of G is essentially constant. 

(3) For low amplitude of vibration, the values of G are widely 
erratic, in some cases increasing, in other cases decreasing, as the 
stress range decreases. These variations are far greater than any 
experimental errors in the work itself. The wires were freely 
suspended, and air friction at these speeds was negligible, so that 
it is difficult to associate these variations except with deviations 
in elastic behavior within the wire itself. The variations are in 
general more pronounced for the smaller wires than for the larger 
ones, and so may be a surface effect. They do not seem to be in 


as 
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any way connected with the amount of internal friction, which is 
measured by the decrement ratio. These large variations in @ 
for any given material occur both with moderate and with large 
tensile loads, but no regular law of variation can be observed. 

(4) The relation between Poisson’s ratio and the moduli of 
elasticity in tension and shear for a homogeneous isotropic mate- 
rial is given by the equation: 


E E 


= = —— ] 
iN ne 


G 

where p = Poisson’s ratio. 
Table 5 shows the values of G/E and of p as computed for 
various materials on the basis of this experimental work. It will 
be noticed that especially for those materials whose strength is 


due to cold drawing, there is a tendency for the computed value ; 
(Phosphor bronze seems to be an excep- — 


of p to approach 0.5. 
tion.) For theoretical reasons, it is difficult to accept these high 
values as being correct. A more probable alternative explana- 
tion is that these wires are not isotropic with respect to G, and 


that consequently the preceding equation must be used with | 


caution. 


Average values of logarithmic decrement as obtained for the 


various wires tested are as follows: 


Material Logarithmic Decrement 
Duralumin (17 SRT alloy) ........... 0.0014 
Brass. cas dra wil. ss: cect. crsiekskc ornaments 0.0052 
Brass, relief annealed..............-- 0.0034 
Phosphor bronze sie se ee 0.0016 
Ii To) -<2 PURE PRA tee eee ce eran ets 0.0030 
0.67% C Steel, heat treated........... 

080 ancwdiameter: oo. oe aie 0.0030 
0:046 in, diameter. ss. 24 er 0.0012 
0.0281 in. diameter.......... 0.0027 
MIST WERE eerste ie ais fe crich ce neon An 0.0040 
18% Cr 8% Nisteel wire ............ 0.0033 


These values are given for information only and must be used with 


caution. They represent results obtained on one batch of wire — 


only in each case. 


Further, in most cases for any given wire there — 


is a considerable variation in logarithmic decrement in torsion, 
depending upon the amplitude of vibration and upon the tensile — 


load which was simultaneously present. 
Only a limited number of tests were made on coiled springs 
made up from this wire. 


In general the values of modulus of | 


elasticity as computed from tests on the coiled springs were 
similar to the values as obtained by the torsion pendulum method. 
The hysteresis and creep in the coiled springs, which were tested © 
as coiled (not subsequently heat-treated) was, however, great 
enough to prevent any great accuracy in this determination. — 
To obtain exact values it will be necessary to give the spring some } 
form of mild heat-treatment, as is usually done with springs for 
any form of measuring nstrument. Experimental work was 


discontinued before it was possible to do this. 

Overloading the springs in each case caused a sharp decrease in 
the value of the modulus, accompanied by an increase in hystere- 
sis. 
pseudo-effect caused by the change in dimensions of the 
spring. 

A number of measurements have been made of the deformations 
occurring in the half loop or whole loops bent up at the end of the 
tension springs, and these deformations have been compared with 
the deformations per coil in the spring proper under the same 
loads. The results suggest that a half coil turned up to form a 
loop should be treated as equivalent to an increase in effective 
length of spring of 0.10 of a full coil, and that a full coil turned 
up part way to form a loop, with load still centrally applied with 
respect to the spring, is equivalent to 0.50 of a full coil. 


This decrease n modulus was a real effect and not simply a 


a} 


} 
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Plastic Behavior in the Light of Creep and 


‘ 


Elastic Recovery Phenomena 


By M. F. SAYRE,! SCHENECTADY, N. Y. 


This paper briefly describes various phases of creep and 
elastic recovery in metals and offers a new theory of the 
mechanism by which these phenomena may be brought 
about. This explanation may also, in some measure, 
apply to the larger problem of plastic flow in metals in 
general. 

No clear-cut differentiation seems to exist between the 
creep effects which occur below the elastic limit and the 
larger plastic yield occurring at higher stresses. One 
apparently merges gradually into the other. 

The amount of creep and hysteresis seems to be defi- 
nitely related to the temperature of the metal and to its 
state of internal stress. Any satisfactory theory of the 
mechanism of plastic flow must explain these facts and 


' must also account for the elastic recovery effects, the time 


lag in initial creep, and the presence of continuity in metal 
even after slippage has extended from one crystal into a 
second differently oriented crystal. 

The author suggests several hypotheses to explain these 
and his explanation seems to agree reasonably well with 
the facts observed from accurate measurements made at 
Union College, as well as with observations made by others. 
Various theoretical reasons also support these hypotheses. 


engineering study for the past ten years. In the main, 

however, attention has been directed to creep at high 
temperatures, and the existence of creep and elastic recovery in the 
same metals at room temperature has been in a measure ignored. 
In many cases the assumption seems to have been tacitly made 
that the two were of such widely different character that lessons 
from one were of no benefit in the study of the other phenomenon. 
As a result, in papers on high temperature creep, almost no atten- 
tion has been paid to the large mass of material on room tem- 
perature creep gathered particularly in England, France, and 
Germany over the past fifty years. 

The study of elastic behavior in spring metals carried on at 
Union College over the past six years under the sponsorship of the 
A.S.M.E. Special Research Committee on Mechanical Springs 
has necessarily involved a large number of measurements of 
creep and elastic recovery as well. In fact, the sensitivity of the 
measurements of elastic elongation in this work (sensitivity, one 
part in ten million; probable precision, one part in one to two 
million) was such that attention to the pseudo-elastic components 
of elongation could not well be avoided. Even in very high- 
strength steel and at low stresses, the work had to be done very 
carefully in order to isolate the true elastic strain from the 


A Baste phenomenon of creep in metals has been under intensive 


1 Associate Professor of Applied Mechanics, Union College. 
Mem. A.S.M.E. Professor Sayre was graduated from Columbia 
University with the degrees of E.M. and A.M. Seven years of 
engineering experience were followed by twenty years at Union Col- 
lege, the latter portion diversified by research and consulting work 
carried on for the General Electric Company and for other concerns. 

Contributed by the A.S.M.E. Special Research Committee on 
Mechanical Springs and presented at the Annual Meeting, New York, 
N. Y., December 4 to 8, 1933, of THz AMERICAN Soctpry or Mr- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


accompanying creep on loading and from the accompanying 
elastic, or pseudo-elastic recovery on unloading. 

Evidence slowly accumulated indicating that no dividing line 
could be drawn between permanent creep, the so-called elastic 
creep, and recovery. One merged gradually into the other in 
such a way as to indicate that the two, except for the thermal com- 
ponent of the elastic creep, later described, were one and the same 
in nature. Evidence based on the peculiar characteristics of 
elastic recovery, easily measurable at room temperature, would 
appear to be valid for high-temperature creep. Any explanation 
of one would cover the other and would also in some measure 
apply to the larger problem of plastic flow in metals in general. 
The following statement of room-temperature behavior in a metal 
under loads within the so-called elastic limit must be read with 
that fact in mind. 


APPARENT RESULTS OF THE LOADING-UNLOADING CycLE 


Application of a cycle of loading and unloading to a bar seems 
to result in the following events: 

(1) On application of load, a wave of elastic strain moves 
through the bar with the velocity of sound. It is accompanied 
by a slight rise or fall of temperature, due to the adiabatic com- 
pression or extension, respectively, of the material. 

(2) The resulting temperature gradient within the bar and 
between the bar and the surrounding atmosphere equalizes it- 
self by conduction of heat, with resulting thermal creep. 

(3) At isolated points along the bar, along crystal planes 
which are weak or unfavorably oriented, or subjected to internal 
stress, slip has meanwhile been occurring. Under light loads 
this initial slip does not pass beyond the bounds of an individual 
crystal. Minute changes in length of the bar result from these 
slippages. 

(4) Under heavier loads these slip zones now begin in some 
cases to extend into adjoining crystals. Due to differences 
in orientation of slip planes this will necessarily be accompanied 
by a certain amount of fragmentation within the erystals and of 
flow among the boundary atoms. The resulting gradual creep 
may continue, but at a decreasing rate, over hours and even 
days. 

(5) On removal of loading, the elastic changes, (1) and (2), 
reverse themselves. Asa result of the thermal effect, a hysteresis 
loop will be formed. Even purely elastic changes are therefore 
accompanied by energy loss. 

(6) Following the removal of loading, a gradual pseudo-elastic 
recovery occurs which will bring the piece back part way to its 
original length. This period of recovery, like the period of creep 
on initial loading, may last for many days. 

(7) It has been stated by two or three experimenters that after 
sufficiently rapid loading and unloading the bar may exhibit an 
apparent memory of past events, first creeping slightly longer 
after being unloaded and then reversing itself and creeping in 
the opposite direction. This was not noticed in the Union 
College experiments but the conditions of the tests were not 
particularly favorable for its observation. 


Suaarstep THEORY or PLastic FLow 


No clear-cut differentiation seems to exist between the creep 
effects which occur below the so-called elastic limit and the larger 
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plastic yield occurring at higher stresses. One apparently merges 
gradually into the other. 

In general the amount of creep and hysteresis seems to be 
definitely related (a) to the temperature of the metal, rise in tem- 
perature increasing creep, and (b) to its state of internal stress. 
Very mild heat treatments may greatly decrease hysteresis, while 
over-loads beyond the elastic limit greatly increase it. 

Any satisfactory theory of the mechanism of plastic flow must 
explain these facts and must also account for (c) the elastic- 
recovery effects, (d) the time lag in initial creep, and (e) the 
presence of continuity in metal even after slippage has extended 
from one crystal into a second differently oriented crystal. 

To explain these, the following hypotheses are suggested: 

(1) Time delay may be explained as follows: The atoms in 
any material at temperatures above zero deg absolute are 
vibrating about equilibrium positions in the crystal net-work. 
Along any limited section of a crystal plane the resistance to shear 
is a function of the relative configuration of the individual atoms 
at any particular moment, and so will vary from moment to 
moment as the relative atomic positions change. Along that 
minute area, therefore, resistance to shear is not a constant but 
may be best expressed as a probability function ranging above 
and below some one most probable value. For any stress intensi- 
ties below this most probable value, failure will be postponed 
until such an instant as this varying resistance to shear drops be- 
low the applied stress intensity. The probable time delay before 
this event will be controlled by this same probability function. 

(2) Initial slippage usually occurs along only a minute frac- 
tion of the area of a weak crystal plane within an individual 
crystal, under the conditions explained above. 

(3) This slip next extends across the area of the crystal, re- 
sulting in a development of zones of compressed and of corre- 
spondingly rarified atoms within the crystal on each side of the 
plane. Slippage may never extend beyond the limits of this 
crystal. In this case, on unloading, the stress within the crystal 
tends to force the atoms back to their original position and 
pseudo-elastic recovery occurs. 

(4) The nature of metal structure is such that slippage extend- 
ing across several adjacent crystals is impossible unless (a) the 
adjacent atoms are identically oriented, i.e., constitute essen- 
tially a single crystal, (0) the forces are so great as to compel 
actual rupture within the crystal, leaving a void, or (c) actual 
flow and readjustment of atomic position along grain boundaries, 
akin to diffusion, accompanies the slippage. 

Along these boundary zones atoms are vibrating about equilib- 
rium positions, but with somewhat greater freedom of movement 
due to the broken up crystalline structure. As already de- 
scribed, very high stress concentrations will be present along the 
edges of an individual crystal in which slip has already occurred. 

Atoms in any compressed zone will be under strong tendency to 
migrate one by one into the adjacent less compressed area. The 
resistance offered by adjacent atoms to this movement will again 
be a function of their configuration and will fluctuate widely as 
this configuration changes due to the random vibrations of the 
atoms. Here, again, this opposing pressure will fluctuate ac- 
cording to the laws of probability, ranging above and below some 
one most probable value. The time delay for any individual 
atom may be small, but any finite movement hinges upon the 
successive migration of a large number of atoms, and so may be 
delayed for a considerable period. Rise in temperature will ac- 
celerate the vibration of the atoms and so modify the prob- 
ability function toward more rapid flow, and also toward flow 
under lower stresses. 

(5) In the case of the harder metals the vibration of the atoms 
will be so constrained by the crystal net-work that there will be 
a certain threshold pressure below which diffusion or plastic flow 
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cannot occur. In the case of a substance lacking crystalline 
structure, as tar, the crystalline net-work does not exist, the 
vibrations are less limited and the threshold pressure may be zero. 
In this case, flow may occur under infinitely small stresses, 
although according to the theory of probability the moments 
during which favorable configuration will occur will be so in- 
frequent that diffusion or flow will be very slow. 

(6) Creep, therefore, probably occurs in successive stages; 

first a slip within an individual crystal, then a gradual flow along 
the boundary lines followed by slip in the adjacent crystal, and so 
on. 
(7) Slip not extending beyond the limit of an individual 
crystal is still more or less reversible in character. Forces exist 
within the crystal itself, which will tend, upon removal of ex- 
ternal force, to drive it back to its original configuration. These 
restoring forces are resisted by the bond which reestablishes itself 
across the slip plane the moment the initial period of movement 
had ceased. There is, therefore, a back lash between the force 
at which, on initially applying the load, the first slip occurs and 
the force value at which, upon removing the load, the return 
movement occurs. The amount of creep after the initial loading 
is, therefore, likely to be greater than the amount of elastic re- 
covery, thereby leaving some permanent set. Future repetitions 
of loading and unloading, however, tend to place the material 
in a cyclical state. 

(8) In some cases elastic recovery may occur after slippage 
has extended into adjacent crystals, since even here large stresses 
exist tending toward recovery of shape. This return movement 
would probably take place in two or more successive stages and a 
larger time lag would be noticed. 

(9) “Memory” within the crystal is less easy to explain. It 
is possible that the trapped stresses present within an individual 
crystal, resulting from slip within that crystal, may have been 
on the verge of breaking through into an adjacent crystal during 
the loaded stage. On unloading, these trapped stresses would be 
decreased in magnitude but a sufficient residual may have been 
present to complete a break-through which was almost ready to 


occur during the loaded stages. In this way, a slight forward 


creep would occur, to be immediately followed by a return creep 
as the various slip planes work back to their virgin positions. 
This would be most likely to occur if the load had been left on 
just long enough to initiate an active period of creep and if, 
thereafter, the load had been very rapidly removed and measure- 
ments taken. 

(10) ‘“Crackless plasticity,” as defined by H. F. Moore, would 
be present in those cases where slip bands had not passed be- 
yond their original crystal, and to a lesser degree beyond that 
stage. 

(11) Permanent set would result (a) from slippage within 
individual crystals if the bond developed in the slip plane after 
the initial slip was sufficiently great to prevent reverse movement. 
In this case, subjecting the bar to cycles of equal positive and 
negative loading would remove the permanent set. (6) It would 
result from any slippage which had extended through several 
crystals, to such a distance that the resulting residual stresses in 
material are not sufficient to compel complete recovery. (c) 
It would result, obviously, also from any succession of slip planes 
which had worked their way across the entire width of the speci- 
men. In this case no elastic recovery would occur. 

(12) In many cases these phenomena would be complicated 
by the presence of twinning, which would aid in producing per- 
manent changes of shape. 

(13) In metals at higher temperatures, or in metals like zine 
at room temperature, the process would be complicated by the 
occurrence of recrystallization. The mechanical phases of this 
process would occur by a mechanism following the same general 


laws as those described for diffusion or flow of atoms. The same 
probability function would govern the time required for any 
rearrangement of an individual atom. 

(14) Plastic flow would occur following these same rules. 
It would differ from the phenomenon of creep only in that the 
_ successive operations would be carried further and would occur 
more rapidly. 

CoNCLUSION 


The above explanation is presented as a hypothesis only. It 
seems to agree reasonably well with the facts as observed in 
) thousands of accurate measurements made at Union College, and 
‘with observations made by others as far as they have been de- 
scribed. Various theoretical reasons, which there has not been 
space to give in this article, also support the hypothesis. It is, 
therefore, presented here for criticism or modification. 
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Discussion 


R. W. Carson.? Behavior of cold-worked phosphor bronze 
'\is explained reasonably well by Prof. Sayre’s hypothesis. For 
example, a bend-test specimen with a tensile strength of 120,000 
|, and an elastic limit of 40,000 to 50,000 lb per sq in. shows no per- 
- manent strain under bending loads giving a maximum fiber stress 
of 15,000 lb per sq in. At lower stresses sensitive measurements 
on heat-treated specimens reveal no permanent deformations 
'} even after a steady load applied for ten days. When higher 
stresses are used, increasing amounts of permanent deformation 
are found. According to the views of the author, the stress of 
15,000 Ib per sq in. corresponds to the lowest load causing slip to 
advance across the crystal boundary. 
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Fig. 1 Errectr or Timp Unper Loap on Exvastic RECOVERY OF A 
Spring RrpBon LOADED IN BENDING 


(5 per cent tin phosphor-bronze, 0.115 in. wide, 0.016 in. thick, 90 per cent 
cold reduction in area. Maximum fiber stress, 11,000 lb per sq in.) 


Tests on this cold worked phosphor bronze, however, at less 
) than 15,000 Ib per sq in. show that the elastic recovery rate is 
much slower than the rate of creep under load. In an investiga- 
tion’ of the inelastic properties of a series of copper-base alloys 
this characteristic was found to be common to all materials ex- 
amined. 


2 Assistant Editor, Product Engineering, McGraw-Hill Publishing 
Co., New York, N. Y. Jun. A.S.M.E. 

3 R. W. Carson, ‘Better Instrument Springs,” Electrical Engineer- 
ing, vol. 53, Feb., 1934, pp. 282-286. 
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As shown in the curve, Fig. 1, a bending load giving a maximum 
fiber stress of 11,000 lb per sq in. applied for one hour produced 
creep which subsequently recovered in approximately two hours. 
For the same load imposed for five hours, the recovery time 
would have been complete in 170 hours; and the curve for a 25- 
hour load indicates complete recovery in 1000 hours. These 
data plotted to logarithmic coordinates in Fig. 2 show that the 
ratio between creep time under load and time for complete re- 
covery increases rapidly as the load time increases. Can the 
hypothesis advanced by Prof. Sayre account for this condition? 
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Time Under Load, Hours 


1 10 100 1000 
Time for Complete Recovery, Hours 


Fic. 2 Rexvation Berwepn Recovery Time anpD TIME UNDER 
LoAD FoR THE TESTS SHOWN IN Fie. 1 


Although this hypothesis has been confined to the effects of 
applied strain, the same mechanism will also apply to other 
effects such as aging or the relief of internal stresses with passage 
of time, and the process of age-hardening. Likewise, it should 
also account for the aging of permanent magnets, and the “season 
cracking” of hard brass. Crystalline behavior will undoubtedly 
be the same for internal stresses as for applied stresses. For this 
reason, the hypothesis has much wider application than for 
stressed members alone, and confirmation or modification should 
therefore be available from many other sources. 

Since higher temperatures and longer periods under load in- 
tensify elastic creep and recovery, the load conditions in high- 
temperature creep tests are favorable for producing large elastic 
lag effects. Further confirmation of Prof. Sayre’s explanation 
should come from investigators of high temperature creep. 


AvutHOR’s CLOSURE 


Mr. Carson is correct, I believe, in his statement that this 
same hypothesis may be applied to such problems as the relief 
of internal stresses with passage of time, and the process of age 
hardening. Experimental confirmation or modification of the 
theory from these sources should therefore be available. 

The difference between the rate of creep and rate of elastic 
recovery mentioned by Mr. Carson is, I believe, due to the 
difference between the forces acting in the two cases. During 
the recovery period the only forces acting are those due to the 
internal stresses which have been set up in the material as a 
result of the previous creep and these internal stresses will be, 
in general, much smaller than the direct stresses available during 
application of the load. This would naturally result in a slower 
rate for the recovery than for the initial creep. 
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N VIEW of the wide field covered by the term ‘Applied 

) Mechanics,”’ the work of the Division, so far as the review of 
papers and the preparation of progress reports is concerned, 

has been divided among several subcommittees. It is intended 

that each subcommittee shall act as a central clearing house of 

information in work relating to its particular field. 

{ Thesubcommittees as at present organized are: 


Elasticity 

Strength of Materials 

Plasticity 

Dynamics (including vibration) 
Mechanics of Liquids and Gases 
Heat and Thermodynamics. 


Other subcommittees on mechanical measurements, kinematics 
and mechanism, and structural statics may be added as conditions 
warrant. 


GENERAL 


Of general interest is the appearance in April, 1933, of a new 
semi-monthly periodical, entitled Zentralblatt fur Mechanik 
(Springer, Berlin). In this publication all papers appearing any- 
where in the world on the broad subject of Applied Mechanics 
are discussed in abstracts of about ten lines. The enterprise has a 
truly international character. 

The National Research Council in Italy has established a spe- 
cial institute for the assistance of research workers in problems 
requiring advanced mathematical analysis. 


Exasticity! 


The review of new publications on the theory of elasticity may 
begin with consideration of the book by N. Muscheli8vili pub- 
lished by the Russian Academy of Science (1).2. The book repre- 
sents a series of lectures on the theory of elasticity given at the 
Seismological Institute and at the Institute of Mathematics and 
Mechanics of the University of St. Petersburg. The chapter on 
two-dimensional problems is especially interesting and complete. 
The author develops a new method of solution of such problems 
(2) and applies it to the study of stress concentration due to the 
presence of holes of various shapes and inclusions. The case of an 
elliptical hole is treated in great detail and in a simpler way than 
has been done before. Of especial interest to engineers are the 
chapters on torsion and bending of prismatical bars in which the 
ease of a bar consisting of two different materials is discussed in 
) connection with stress analysis in reinforced-concrete structures 
(3, 4, 5). 

Several interesting papers on two-dimensional problems have 
appeared this year. Among these is the paper by R. C. J. 
Howland and A. C. Stevenson (6) which discusses stress distribu- 
tion around a circular hole in a rectangular strip subjected to 
bending; the paper by H. M. Westergaard (7) giving a geometri- 
cal interpretation of the stress function of the two-dimensional 
problem; and the paper by Ernest Melan (8) giving a rigorous 
solution of the problem on stresses produced by a concentrated 


1 Compiled by Dr. S. Timoshenko. 

2 Numbers in parentheses refer to similarly numbered references 
given at the end of the report. 
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force applied at an internal point in the middle plane of a plate. 

Further development in experimental methods of solving two- 
dimensional problems of elasticity has taken place during the last 
year. In photoelastic work the use of bakelite for a transparent 
material together with the “fringe method” is now accepted by 
the majority of experimenters. An interesting study of a bakelite 
model was made by A. M. Wahl (9), in which the stress concen- 
tration at a circular hole, measured photoelastically, is compared 
with the theoretical calculations of R. C. J. Howland and with 
extensometer measurements made on a steel model. A com- 
plete study of mechanical and optical properties of bakelite was 
made by E. E. Weibel (10). He used bakelite models in study- 
ing stress concentration at reentrant corners. In determining the 
sum of the two principal stresses, the membrane analogy, sug- 
gested by J. P. DenHartog, was successfully used. C. B. Biezeno 
and J. J. Koch (11) have developed a new method of solving two- 
dimensional problems by using an electrical analogy. The stress 
distribution is obtained from the potential distribution in a plate, 
along the boundary of which the potential is varying in a pre- 
scribed manner. Strain measurements in a tunnel wall were 
made by N. N. Davidenkoff (12, 13). For this purpose, special 
telemeters were constructed in which the strain was determined 
from the change of pitch of a stretched vibrating string. Very 
interesting experiments on models subjected to the action of 
large centrifugal forces have been made by N. N. Davidenkoff 
(14). From a consideration of similarity, it is found that in order 
to have the same stresses in a model as in an actual structure, the 
body forces must be inversely proportional to the scale of the 
model. The centrifugal forces were used by Davidenkoff to 
magnify the body forces in the required proportion. 

Considerable work has been done during the past year on the 
theory of plates and thin shells. In the paper by H. Reissner 
(15), a rigorous solution of the problem of bending a cylindrical 
shell submitted to the action of hydrostatic pressure is given, and 
in the papers by S. Woinowsky-Krieger (16, 17, 18), several prob- 
lems on the bending of plates are discussed. 

Stability problems were discussed by several authors. E. 
Trefftz (19) developed the general theory of elastic stability based 
on the consideration of strain energy of the elastic system and 
applied this theory to the case of lateral buckling of beams. The 
same theory has been applied by T. E. Schunck (20) in studying 
various cases of stability of a cylindrical shell. A numerical 
application of the theory to the study of stability of a thin-walled 
gas container has been made. G. I. Taylor (21) solved the 
problem of the buckling of a compressed plate with clamped 
edges. L. H. Donnell (22) gave the solution of the problem of 
the buckling of a thin cylindrical shell under torsion and made a 
large number of experiments dealing with various cases of in- 
stability of thin-walled constructions. S. Timoshenko (23) 
investigated the problem of the buckling of the web of a plate 
girder. D. H. Young (24) discussed the rational design of solid 
and built-up steel columns. 

Residual stresses due to cold working in thin brass tubes have 
been experimentally studied by N. N. Davidenkoff (25). Stresses 
in large forgings due to non-uniform cooling were experimentally 
studied by G. Kirchberg (26). J. Mathar (27) developed a 
special apparatus for studying residual stresses. The stress is 
obtained from the small distortions of a drilled circular hole. 
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Srreneta oF MaTERIALs? 


Interest in the application of recent advances in the mechanics 
of materials was strikingly evidenced at the Symposium on 
Working Stresses held at the 1932 Annual Meeting of the 
A.S.M.E. Papers dealt with the creep of metals at elevated 
temperatures, buckling failure, impact, and fatigue, and included 
general discussions on theories of failure and working stresses. 
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Important advances made in the technology of cast iron were 
presented at a Symposium on Cast Iron held in Chicago in June, 
1933, under the joint auspices of the American Society for Test- 
ing Materials and the American Foundrymen’s Association. A 
better appreciation of the proper application of cast iron as an 
engineering material has resulted from these papers and discus- 
sions. 

In connection with corrosion fatigue, emphasis is being placed 
on the development of practical methods of surface protection. 
Nitriding has been shown to be effective (28). Surface cold 
working (29) has been found to increase the corrosion endurance 
limit of unnotched specimens by as much as 50 per cent. By 
cold working holes and grooves, the corrosion-fatigue fracture was 
shifted to the full section, where the area moment of inertia was 
1.33 to 1.96 times as great. 

With regard to impact testing, a torsion machine (30) for test- 
ing hard steels, such as are used in taps, drills, etc., has been de- 
veloped, and should be of interest to investigators of impact 
phenomena. 

Further research at the National Physical Laboratory, Ted- 
dington, England, on the fatigue strength of heat-treated leaf 
springs (31) has demonstrated the deleterious effect of surface 
decarburization and has also indicated means of prevention. 

The important problem of the fatigue strength of clamped 
members and press-fit constructions (32) (shafts with gears, 
wheels, pulleys, collars, rotors, etc.) has been investigated for a 
number of conditions. Whereas, normally, the presence of a hub 
may reduce the fatigue strength of a shaft by as much as 50 
per cent, means were developed (such as grooving the hub face 
and cold working the shaft surface) whereby the full strength of 
the shaft could be attained. 

Under further tests, rail steels (83) have shown characteristics 
similar to those previously evidenced in connection with a con- 
sideration of transverse fissures. A process which controls the 
cooling of rails so as to take into account the properties shown in 
these tests has been developed (34). 

A desire for tests on machine elements and construction mem- 
bers as actually produced is evidenced by fatigue tests of bolts 
(35) and tests of welded members. 

28 BR. Mailander: ‘Uber die Dauerfestigkeit von nitrierten 
Proben.” Zeit. V.D.I., Mar. 11, 1933. 

29 A. Thum and H. Ochs: ‘Die Bekiimpfung der Korrosionser- 
miidung.” Stahl und Eisen, Sept. 17, 1932. 

30 G. V. Luerrson and O. V. Greene: ‘‘The Torsion Impact 
Test.” A.S.T.M. Annual Meeting, Chicago, 1933. 

31 G.A. Hankins and M. L. Becker: ‘‘The Fatigue Resistane> of 
Spring Steels.” Engineering (London), Jan. 29, 1932. 

32 A. Thum and F. Wunderlich: ‘‘Der Einfluss von Einspann 
und Kraftangriffsstellen auf die Dauerhaltbarkeit der Konstruk- 
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Temperatures.” Jour. Research, U.S. Bur. Standards, Feb., 1932. 

34 C.P.,O.F., and N. P. Sandberg: “Effect of Controlled Cool- 
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Metals and Alloys, April, 1932. 


35 K.Schraivogel: ‘‘Dauerbiegeversuche mit Schraubenbolzen.”’ 
Stahl und Eisen, Dee. 1, 1932. 


Puasticiry* 


A few of the numerous reports of investigations which have 
been published during the past year may be mentioned briefly 
here on account of their particular interest. In a short paper 
L. Prandtl (36) has extended certain ideas he expressed some years 
ago in connection with the phenomena of elastic hysteresis, to the 
case of the rupture of a brittle material. He utilizes certain 
thoughts advanced by A. A. Griffith (37) in his fundamental 
study on the rupture conditions of amorphous materials. It will 
be recalled that to explain the comparatively low tensile strength 
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of brittle amorphous materials, Griffith assumed that these ma- 
terials are weakened by numerous small cracks or flaws. Ac- 
cording to Prandtl, a mechanical model of a brittle material may 
be conceived as consisting of a great number of small parallel 
slabs partially separated by longitudinal cracks and oriented at 
random in space. He computes the stress required to separate 
the small slabs. By attributing to his model a further property, 
namely, that of starting to flow when it starts to break, he can 
account also for a finite time in which the completion of a fracture 
would occur. How far these ideas may be reconciled with those 
advanced by Zwicky (38) and other physicists, according to which 
small cracks are not sufficient to explain the discrepancy between 
molecular and technical strength, cannot be said. Schlechtweg 
(39) and Orowan (40), on the other hand, believe that discontinu- 
ous movements have an essential part in the plastic phenomena of 
the polycrystalline materials. H. Jeffreys (41) (Cambridge, 
England) derives the equations for an elastico-viscous solid 
known as Maxwell’s solid in an extremely concise form. He 
suggests, as the writer of these lines repeatedly did, that the total 
strains should be separated into two parts: (a) the elastic part 
assumed as usually linearly related to stress; and (b) a plastic 
part. For the latter the law of viscous flow is assumed, i.e., that 
a given stress produces a given rate of strain. These equations 
may be modified to include also a finite plastic strength and they 
may become important some day as the possible base of a practi- 
cal theory of the slow creep of the metals at high temperatures 
for which engineers are searching. 

More recent attempts of the theory (H. Jeffreys, H. Hencky) 
concentrate on efforts to replace the constant time of relaxation 
in the equations by an expression dependent on the state of stress. 
A coincidence worthy, perhaps, of being mentioned, is that con- 
siderable experimental evidence which has been gathered, par- 
ticularly by P. G. McVetty in years of testing the high-tempera- 
ture properties of metals, speaks in favor of some of the hypo- 
thetically assumed properties of the elastico-viscous solid. The 
Working Stress Symposium, which was held at the 1932 Annual 
Meeting of the A.S.M.E. reflected in papers by Timoshenko, 
Soderberg, Moser, Peterson, McCullough, and others the present 
state of knowledge and of needs of engineers in this particular 
field. 

36 L. Prandtl: Zeit. fiir angewandte Mathematik und Mechanik, 
vol. 13, ne. 2, April, 1933, p. 129. 

37 A.A. Griffith: Phil. Trans. Royal Soc. London, vol. 221, ser. 
A, 1921, p. 163. 

38 F. Zwicky: ‘‘The Problem of the Solid State of Matter.” 
Mechanical Engineering, vol. 55, July, 1933, p. 427. 

39 Schlechtweg: Physikalische Zeit., vol. 34, 1933, p. 404. 


40 Orowan: Zeit. fiir Physik, vol. 79, no. 9, 1932. 
41 H. Jeffreys: Proc. Royal Soc., vol. 138, ser. A, 1933, p. 283. 
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Vibration. Of general interest is a new book by A. L. Kimball 
(42) which treats the elements of the vibration problem from the 
viewpoint of the turbine engineer. K. Hohenemser, in a pam- 
phlet of the series “Ergebnisse der Mathematik und ihrer Grenz- 
gebiete” (43), gives a valuable and comprehensive review of the 
various mathematical methods which have been devised for the 
solution of vibration problems. 

J. P. DenHartog has devised a closer approximation for the 
forced vibration of a non-linear elastic system (44). 

The problem of transmission line vibration has been treated by 
Maass (45), Schmitt and Behrens (46), and others. 

Lehr (47) reviews and contributes to our present knowledge of 
valve-spring surge. 

Kinematics and Mechanism. In this country but little atten- 
tion has been given to the development of applied kinematics and 
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this branch of science has not as yet been represented in the ac- 
tivities of the Applied Mechanics Division. Abroad, kinematics 
has been intensively developed over a period of years, particu- 
larly by Continental writers. It should be pointed out that many 
of these developments are of interest to the engineer. 

During the past two years R. Beyer has developed vector-dia- 
gram methods for the study of gear trains (48) and plane mecha- 
nism (49). The same author is also working on the development 
of space kinematics (50, 51). 

K. Rauh has discussed the subject of coupler curve or link 
mechanism (52). 

F. E. Myard (53) develops a general theory of the transmission 
problem between two axes in space. 

Many other papers in this field have appeared abroad but space 
limitations allow the citation of only a few of them (54-57). 


42 A. L. Kimball: “Vibration Prevention in Engineering.” 
John Wiley & Sons, New York, 1932. 

43 K. Hohenemser: ‘‘Die Methoden zur angenaherten Losung 
von Kigenwertsproblemen in der Elastokinetik.” Springer, Berlin. 

44 J. P. DenHartog: ‘‘Amplitudes of Non-Harmonic Vibra- 
tions.” Jour. Franklin Inst., Oct., 1933. 

45 H. Maass: ‘‘Mechanische Schwingungen von Hochspan- 
nungsfreileitungen.” Phys. Zetit., vol. 34, 1933, p. 389. 
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vol. 77, pp. 457-462. 
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50 R. Beyer: ‘‘Neue Wege zur zeichnerische Behandlung der 
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no. 8, 1933, pp. 196-198; and K. Rauh and P. Edler: ‘‘Verstellbare 
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Zeit. V.D.I., vol. 77, no. 18, 1933, pp. 478-480. 
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pp. 345-348. 

54 M. Tolle: ‘‘Beschleunigungsermittelung der sphiirischen 
Bewegung mit Hilfe der darstellenden Geometrie”’ (‘‘Determination 
of the Acceleration of Spherical Motions by the Aid of Descriptive 
Geometry”). Zeit. fiir angewandte Mathematik und Mechanik, vol. 
12, no. 6, Dec., 1932, p. 382. 

55 K. Kuba: ‘‘Anwendung des Verschiebungsplanes auf Schrau- 
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Vereins, vol. 84, no. 41-42, Oct. 21, 1932, pp. 216-219. 
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57 4H. E. Merritt: “The Analysis of Planetary Gear Trains.”’ 
Machinery (London), vol. 41, no. 1061, Feb. 9, 1933, pp. 545-548. 
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A considerable amount of work has been done in the field of 
fluid mechanics during the past year. 

Potential Flow. Some examples of technical interest in two- 
dimensional flow between curved walls have been calculated by 
Miyadzu (58). The potential theory of the wake behind a cir- 
cular cylinder was treated by Weinstein (59). Weinig (60) gave 
methods for the computation of velocity distribution along 
streamline bodies with sharp and rounded noses. Theodorsen 
and Garrick (61) worked out a method based on conformal 
representation suitable for practical computation of pressure 
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distributions on airfoils with given aspect ratios. Betz (62) de- 
veloped methods of finding forces and moments acting on bodies 
in potential flow by use of the singularities of the potential func- 
tion. Hamel (63) studied the case of a rectilinear vortex moving 
around a corner. Golubev (64) and Durand (65) studied the 
question of the stability of vortex rows. 

Laminar Flow in Viscous Fluids. The analytical theory of 
laminar motion of viscous fluids has been extended, especially 
by some British authors. Southwell and Squire (66) and Piercy 
and Winny (67) investigated and extended Oseen’s approximate 
method for solution of the hydrodynamic equations. Thom (68) 
calculated and photographed the flow past circular cylinders for 
comparatively small Reynold’s numbers. 

Turbulence and Turbulent Flow in Pipes. Several experimental 
and theoretical contributions have been made to the fundamental 
problem of turbulent flow. Two summary papers should first 
be mentioned. ‘Tollmien (69) reported on “The Present State 
of the Turbulence Problem” at the Berkeley Aeronautics meeting 
of the A.S.M.E.; Prandtl (70) reviewed experimental research 
done at Géttingen and showed that tests on skin friction in 
smooth and in rough pipes check very well with formulas given 
by von Kérmén in 1930. Fage (71) also reviewed existing theo- 
ries of turbulence and compared these with direct observations of 
the velocity fluctuations by means of an optical method. 

The statistical theory of turbulence has been treated by Burgers 
(72), Noether (73), and Tollmien (74). New equations for the 
theory of turbulent flow with parallel mean motion were proposed 
by Mattioli (75). 

The problem of “free turbulence” in the theory of wakes and of 
jets has been treated by Tollmien (76) and Kuethe (77). The 
corresponding problem of jets for laminar flow has been calculated 
by Schlichting (78). Ruden (79) investigated the propagation of 
turbulence in a free jet. 

Ziegler (80) and Mock and Dryden (81) improved apparatus 
and methods for recording turbulent velocity fluctuations; 
Wattendorf and Kuethe (82) applied this technique to the de- 
termination of the turbulence in free air for the first time by 
means of a hot-wire apparatus mounted on an airplane and on an 
airship, and von Kérmén (83) reported at the Washington meet- 
ing of the American Physical Society on investigations by Wat- 
tendorf (84) on the distribution of velocity fluctuations over the 
cross-sections of straight and of curved channels. Van der 
Hegge Zynen (85) made measurements of the velocity distribution 
in the boundary layer over a grating surface, and Reichardt (86) 
made fluctuation measurements in a straight channel. Kroéber 
(87) investigated, theoretically and experimentally, flow through 
vane systems, such as used in wind tunnels, with the object of 
reducing energy losses in curved flow. The stability of laminar 
flow in the so-called Couette case and in the case of flow between 
rotating cylinders has been treated theoretically by Schlichting 
(88). Stability of flow in a curved pipe has been considered by 
Miyagi (89). Nikuradse (90) made some experimental investi- 
gations on the transition phenomena between laminar and tur- 
bulent flow in a boundary layer, and gave also a detailed report 
(91) on his measurements on flow in pipes with rough walls. 
Fette (92) worked on the flow in straight and curved channels in 
the Géttingen rotating laboratory. Nukiyama (93) made photo- 
graphic investigations of the flow of water through tubes, and 
Spalding (94) extended Nippert’s work on loss of flow in curved 
channels. Gibson (95) studied the breakdown of streamline 
motion at the higher critical velocity in pipes of circular cross- 
section. Viscous flow through pipes with cores was reported on 
by Piercy, Hooper, and Winny (96). 

Ship Resistance and Waves. The present state of the problem 
of skin friction is sketched in the report (97) of the Hamburg 
conference dealing with Rydromechanical problems of ship pro- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


pulsion. The work contains contributions of Eisner, von Kar- 
mA4n, Kempf, and Schoenherr, with discussions by several authors. 
Schoenherr (98) in addition checked the von Kérmén formula for 
skin friction with experiments and gave new contributions to the 
problem of the transition between laminar and turbulent boun- 
dary layers. 

The theory of wave resistance has been summarized by Have- 
lock (99). Wagner (100) gave an account of his previous investi- 
gations on wave resistance with special reference to high-speed 
boats. Burgers (101) studied the excitation of waves in a canal. 
At the Hamburg conference (97), interesting contributions to the 
problem of ship waves and resistance were given by Hogner, 
Weinblum, Wigley, and Barrillon. 

Cavitation. Important contributions of Ackeret, Féttinger, 
Walchner, Martyrer, Lerbs, Weinig, Schmidt, Mueller, Fligel, 
Schroter, Gutsche, and Springorum are contained in the report 
(97) of the Hamburg conference. They deal with the causes of 
cavitation and corrosion, with the forces acting on hydrofoils 
under cavitation conditions, and with the influence of cavitation 
on propellers. These papers give an excellent summary of the 
present knowledge of the subject. 

Aerodynamics.’ Schrenk (102) made further measurements on 
the effect of boundary layer suction on the lift of an airfoil. The 
influence of turbulence on maximum lift has been investigated by 
Millikan and Klein (103) and also by Randisi (104). The effect 
of turbulence on the drag of airship models was studied by Hilda 
Lyon (105); important boundary layer flow measurements on a 
model of the Akron were made by Freeman (106). Lock and 
Johansen (107) did work on the drag of pairs of streamline bodies. 
Turbulence was found by Dryden (108) to have an influence on 
the characteristics of cup anemometers. 

Compressible Flow. G.I. Taylor and Maccoll (109) solved the 
equations of compressible flow around a cone and checked their 
calculations by measurements of air pressures on cones moving 
with supersonic velocities. A comparison of their calculations 
with the less accurate but more general ones of von K4érmén and 
Moore show fairly good agreement for small cones. Contribu- 
tions to the study of two-dimensional compressible flow have 
been made by Braun (110) and Poggi (111). Aerodynamical 
properties of airfoils moving with supersonic velocities have been 
measured by Busemann and Walchner (112). Riabouchinsky 
(113) gave an interesting hydraulic analogy for compressible flow. 
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THERMODYNAMICS® 


The pressure-temperature relation for saturated steam has been 
the subject of careful investigation both in this country and in 
England during the past year. Osborne, Stimson, Fiock, and 
Ginnings (114) at the United States Bureau of Standards, em- 
ploying the so-called static method in which simultaneous read- 
ings of pressure and temperature of a saturated mixture in a 


8 Compiled by J. A. Goff. 
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closed bomb are made, have obtained new and accurate data 
which they present in the form of a table giving values of pressure 
and its derivative with respect to temperature (in various units 
namely: standard atmospheres, centibars, kilograms per square 
centimeter and pounds per square inch) for the range 100 C to 
374 C. They estimate their results to be reliable to +0.03 per 
cent. Egerton and G. S. Callendar (115), in England, have in- 
vestigated the range, 170 C to 374 C, by a dynamic method in 
which simultaneous readings of pressure and temperature are 
taken under conditions of steady flow and at a point in the appa- 
ratus where the steam is known to be saturated. Particular 
attention was paid to the removal of air. The accuracy of their 
final results has been estimated by Jakob (116) to be at least 
+().07 per cent. Keyes and Smith (117), at the Massachusetts 
Institute of Technology, report an independent redetermination 
of the pressure-temperature relation for use in connection with 
extrapolation of their specific-volume data to the saturation 
curve. Their method was of the static type. Jakob and Fritz 
(118) have published a comparison of the results of these three 
investigations with the previously accepted data of Holborn, 
Henning, and Baumann in which they show that all are in ex- 
cellent agreement. 

The work of Keyes and Smith (117) on specific volumes has 
been mentioned. ‘Their latest measurements were carried out in 
a new nirosta steel bomb and cover the range of isometrics from 
2 to 150 cu cm per g, extending to pressures as high as 350 atm. 
and to temperatures as high as 460 C. Together with earlier 
data (119), these new measurements give a rather complete pic- 
ture of the p-v-t relation for compressed liquid and superheated 
steam. The isometrics for 2, 3, and 4 cc per g lie above the criti- 
cal point in the region where water may be regarded either as 
liquid or as superheated vapor. In order to remove the uncer- 
tainty due to adhesion of water to the surface of the container in 
the measurement of large specific volumes by their present 
method, the authors propose to try an indirect, thermodynamic 
method which they briefly described. Keenan (120) has re- 
ported the recent data of Havli¢ek at the Masaryk Academy of 
Work which include more than seven hundred direct measure- 
ments of the enthalpy of compressed water and superheated steam 
extending from atmospheric pressure to 5600 Ib per sq in. and 
from 70 F to 1030 F. Havlitek paid particular attention to the 
region above 374 C, but was unable to verify the contention of the 
late Professor Callendar that a considerable latent heat should be 
found there. Keenan calls attention to the significant progress 
that has been made since 1922 toward agreement on basic data 
for the formulation of steam tables. 

The progress in steam research noted in the preceding para- 
graphs has its most immediate application to those problems in 
power generation arising from the use of water as a heat medium. 
In another field, that of combustion, the thermodynamic proper- 
ties of water also play an important réle. Thus, the specific 
heat of water vapor at high temperatures demands investigation 
on account of the wide discrepancy between the formerly accepted 
values of Pier, Bjerrum, Siegel, and others and the values de- 
duced from theoretical equations based on spectroscopic data. 
Efforts are being made to bring these data into accord by applying 
various corrections. 

R. Planck (121) has made an important contribution to the 
study of viscosity and its relation to other thermodynamic prop- 
erties. For an ideal gas, he finds that the viscosity is a function 
of temperature only. For an actual gas, the viscosity can be 
satisfactorily represented as the product of the ideal gas viscosity 
and a factor depending on volume only. For water, the Mathias 
rule seems to apply, namely: The arithmetical mean of the re- 
ciprocal viscosities of saturated liquid and saturated vapor 
varies linearly with the temperature. On the thermal conduc- 


568 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


tivity of water, new measurements have been reported by Schmidt 
and Sellschopp (122) which extend to 270 C and show an ap- 
proximately parabolic variation with temperature which gives a 
maximum value at about 130 C. H. Eck (123) has published a 
review of existing data on the thermodynamic properties of mer- 
cury that ought to be of value to engineers interested in the mer- 
cury-steam power-generation cycle. The author gives a table 
listing the usual properties of saturated liquid and vapor from 
0.0010 kg per sq em (119.5 C) to 50 kg per sq em (690.9 C). 
Formulas are given for extrapolation into the superheat region. 

Finally, there should be mentioned an excellent article by E. 
Schmidt (124) summarizing the present state of knowledge in the 
field of heat transfer. American workers have been especially 
active in this field because of its fundamental importance to the 
problems of industrial and engineering chemistry. 
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Some New Experiments on Buckling of 


| Thin- Wall Construction 


By F. J. BRIDGET,? C. C. JEROME,’ anp A. B. VOSSELLER,* PASADENA, CALIF. 


, The first section of this paper describes a series of tests 
\ of the strength of thin-walled cylinders under a combina- 
tion of torsion and axial compression or tension. Curves 
are obtained showing the strength of each of the several 
types of cylinders tested, under all possible combinations 
of these loads. All the curves obtained seem to have the 
same general form and the results suggest the possibility 
of finding a simple law by means of which a designer could 
determine the buckling strength of a structure under any 
combination of shear and normal stress, if he knows its 
strength under pure shear and under pure compressive 


stress. 

The second section describes tests made to investigate 
the independence of different possible types of buckling 
of a structure. A set of L-section struts, identical except 
) for the widths of the sides, were tested in compression. 

| With small widths the struts buckle as Euler columns 
but with the wider widths buckling of the sides, as plates 
hinged on three edges, occurs first. Great care was taken 
to eliminate the effect of initial eccentricities. The 
results check the well-known theories for these two types 
of buckling and indicate that, for practical purposes, the 
two types can be considered independently of each other. 
The results also illustrate how enormously the strength- 
weight ratio of thin wall construction may be affected by 
details of design. 


J—STRENGTH TESTS ON THIN-WALLED CYLINDERS 


HE stresses produced by the loads in the skin of monocoque 
construction are usually combinations of compression or 
tension in one direction, with shear in the same and per- 
pendicular directions. Much theoretical and experimental in- 
formation is available to the designer on the behavior of thin 
sheets under compression or tension alone, or under shear alone, 
but nothing seems to be known about their behavior under com- 
binations of these stresses. 
The general nature of the behavior of thin sheet construction 
under such combination loadings can be predicted by some very 


1 The tests described in this paper were made at the Guggenheim 
Aeronautical Laboratory of the California Institute of Technology. 
The authors have been assigned to the Institute by the Navy De- 
partment for graduate work in aeronautics, and this work represents 
part of the requirements for the Master’s Degree. The first section 
is by Lieutenant Bridget and the second by Lieutenants Jerome and 
Vosseller. The authors wish to thank Dr. Th. von Kirm4n, director 
of the Guggenheim Laboratory of the Institute, for the opportunity 
for making these researches. The researches were suggested by and 
carried out under the direction of Dr. L. H. Donnell. Acknowledg- 
ment is also due to L. Secretan, who cooperated in the first research, 
also to Dr. A. L. Klein and E. B. Sechler (all of the staff of the 
Institute) for numerous helpful suggestions. 

2 Lieutenant, U.S. Navy. F. J. Bridget was graduated from Was: 
Naval Academy in 1921 and served seven years on sea duty in the fleet 
with gunnery duties. He completed flight training in 1929 at Pensacola, 
Florida, served in a fighting squadron attached to the U.S. S. Lexing- 
ton in 1929 and 1930, and on inspection duty of naval aircraft in 1931. 
He attended Post Graduate School, U.S. Naval Academy in 1932, 
and upon completion was assigned to duty at the California In- 
stitute of Technology for postgraduate work in Aeronautical En- 
gineering. 


simple reasoning. Let ¢ and r be the normal and shear stresses 
produced in the wall, and oo and 7 the values of these stresses 
when failure occurs under pure axial compression or tension, 
and under pure torsion, respectively. Then by plotting a/c 
against 7/7>o a curve is obtained, passing through the points 
0-1 and 1-0, and showing how failure occurs under all possible 
combinations of these two types of stresses. This curve ob- 
viously must be symmetrical about the o/20 axis, as a change in 
the sign of the shear (for a symmetrical structure) can make no 
difference. Hence the curve must be perpendicular to the o/ao 
axis where it crosses it, as it is certainly continuous at this point. 
On the other hand the curve will not be symmetrical about the 
r/o axis, but must cross it at some angle as shown in Fig. 1(a), 


(b) 
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as compression will obviously decrease and tension increase the 
shear which the structure can take before buckling. This im- 
mediately suggests some kind of parabolic or power relation as 
in Fig. 1(b), with an equation: 


clon = CVA geo can ese dado8e {1] 


where n is greater than 1. Of course n should be an even number 
to satisfy the condition of symmetry about the o/ao axis, but this 
relation can be used as an empirical formula with any value 
greater than 1 for n, provided 7/70 is always considered positive. 


3 First Lieutenant, U.S. Marine Corps. GC. GC. Jerome was graduated 
from U. S. Naval Academy in 1922 and was with various Marine 
Infantry units from 1922 to 1924. He served on aviation duty with 
the Marine Aviation in United States, China, Phillipines, Guam, 
and Nicaragua, from 1924 to 1932. He was assigned to duty at the 
California Institute of Technology for postgraduate work in Aero- 
nautical Engineering in 1933. 

4 Lieutenant, U.S. Navy. A.B. Vosseller was graduated from U.S. 
Naval Academy in 1924 and served in various ships of. the fleet and 
on the staffs of Commander Battleships and Commander Destroyers, 
Battle Force, until assignment to aviation duty in 1930. Upon 
completion of flight training he served in the fighting squadron 
attached to the U.S. S. Lexington. He attended Post Graduate 
School U. S. Naval Academy in 1932, and upon completion was 
assigned to duty at the California Institute of Technology for post- 
graduate work in Aeronautical Engineering. 
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This reasoning is perfectly general, applying to the stability of 
any type of symmetrical structure. 

To get some experimental information on this subject, several 
series of similar thin-walled cylinders have been tested to failure 
under various combinations of torsion and axial compression or 
tension. In the most complete of these series (Series G), about 
forty cylinders made as nearly identical as possible, were tested. 
Fig. 2 shows for this series, the experimental values obtained 
for c/o) and 7/7» plotted against each other. It obviously makes 
no difference whether o, 7, oo, to are defined as above, or if o 
and 7 are taken to mean the total axial load and torsional moment 
and op and 7 the values of these loads when failure occurs under 
pure axial compression or tension and under pure torsion, re- 
spectively. It seemed to make no difference in what order the 
loads were applied; that is, whether a fixed amount of torsion 
was applied first and the axial load increased until failure oc- 
curred, or vice versa. 

The full line in Fig. 2 is a cubic parabola, which is the curve 
given by Equation 1 when n equals 3. This curve seems to fit 
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Fie. 2 Bucktine or CyLInDERS UNDER COMBINED TORSION AND 
COMPRESSION OR TENSION 


, oxe 
(Experimental oe ie curve for ‘‘G’’-type cylinders.) 
0 


the points reasonably well. More definite information as to the 
nature of the relation given by these experiments is obtained by 
plotting 1 — o/oo against +/7o on double logarithmic paper, as 
has been done in Fig. 3 for Series G. It will be seen that the ex- 
perimental points lie close to a straight line, which proves the 
validity of Equation 1 as an empirical formula for this case. 
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Fie. 4 Buckuine or CyYLiInDERS UNDER COMBINED TORSION AND 
COMPRESSION OR TENSION 


(Experimental = - = results for all series of cylinders tested.) 


The slope of this straight line gives the value of n which, when 
substituted in Equation 1 will give the best empirical relation to 
fit these experiments. A determination of this slope by eye or 
the method of least squares gives a value of about 3.3 for n. 
The lower portion of the curve in Fig. 2, shown dotted, ob- 
viously represents stress combinations for which some portion 
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of the cylinder has reached the elastic limit. The lowest point 
on the curve represents a pure tension test. Most practical 
applications do not fall within this region and no particular 
study has been made of this portion of the curve. Designers 
will realize, of course, that the relation given by Equation 1 
can hold only when the principal stresses as given by elementary 
mechanics are within the elastic limit, or, according to the maxi- 
mum shear theory, when the algebraic difference between these 
principal stresses is less than the elastic limit stress. 

Six other less complete series of tests have been made, each 
series on a radically different type of cylinder. These tests 
were made with torsion and axial compression only, and with a 
much smaller number of cylinders. The results are shown in 
Fig. 4. Fig. 5(a to f) shows the results plotted on double loga- 
rithmic paper for series A to F, inclusive. 
These results are similar to those from the 
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He indicates that the results from such small-scale tests com- 
pare quite favorably with tests on a larger scale but it is neces- 
sary to use great care in selecting stock and in making the speci- 
mens, in order to reduce experimental scatter to a minimum. 
In spite of this care it is impossible to avoid considerable scatter, 
especially when the load is mainly compression. Much of this 
is due probably to the fact that it is impossible to obtain such 
thin stock entirely without initial waviness. 

The thickness of the sheet was measured in the thickness 
tester shown in Fig. 14(a).5 The modulus of elasticity, HZ, was 
obtained with the special testing machine and tensometer shown 
in Fig. 15(a).5 The proportional limit stress cp was found at 
the same time, for purposes of record. The sheets were rolled 
around rods of the proper diameter to give them the correct cur- 


group of tests described above. The 
value of n appears to be different for 
each type of cylinder, the values obtained 
ranging from about 1.0 to 4.25 and ap- 


parently indicating that n is a function 
of the dimensions or material of the cyl- 
inder. Some of the sets of results, when 
plotted on logarithmic paper, do not 


seem to give a straight line, apparently 


indicating that Equation 1 is not exactly 


suitable as an empirical relation for 
these cases. However, the number of 
points is so few and the unavoidable 
experimental scatter so great, that noth- 


ing definite can be said on any of these 


questions. The results do indicate, how- 
ever, that the general empirical relation 
given by Equation 1 covers all these 
tests and hence probably all thin-walled 
cylinders, and possibly all thin-walled 
structures of any kind, sufficiently well 
for practical purposes. If 7 is taken as 3 
as was done in plotting the solid curve 
in Fig. 4, the deviation between the 
empirical law and the experimental re- 
sults is not large compared to the gen- 
eral scatter of the points for any of the 
types of cylinders tested. It therefore 
seems safe to say that designers can use the relation given by 
Equation 1 with n equal to 3 for designing cylinders, with con- 
siderable confidence until better information is available. 

Obviously this is only a small part of the research which should 
be done in this connection. It is planned to continue this work 
at the California Institute of Technology and it is hoped that this 
paper will stimulate other research organizations to enter this 
field. Some tests have already been started here on long square 
tubes under axial load and torsion. These give approximately 
the condition of flat hinged-edge panels under normal and shear 
stresses. The initial results are similar to those previously de- 
scribed. As already stated, there has been little investigation in 
this field up to the present time and it is felt that further work 
will result in information of great value to designers of stressed 
skin structures. 

All of the tests ‘were made on small-scale models of steel and 
brass “shim stock.” They were made by a technique and tested 
on special testing machines developed by Dr. L. H. Donnell. 
These have been described by him in a previous paper® and 
the Fig. numbers mentioned in the following paragraph refer to 
Dr. Donnell’s paper. 

5 N.A.C.A. Report No. 479. 
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vature. They were then wrapped around a wooden roll, of the 
diameter of the finished cylinder, which had previously been 
oiled to permit removal of the cylinder after soldering. The 
sheet was held against the roll with a metal strap, while a special 
clamp was used to prevent the edges from warping under the 
heat of soldering. The edges were soldered with about 1/s-in. 
overlap. It has been found that buckling waves seem to form 
across the joints as freely as elsewhere, so the effect of the double 
thickness at the joint is probably very small. After removal, 
the cylinders were soldered at each end to rings which fitted 
inside them, and the cylinder and ring were soldered to heavy 
base plates with which they were mounted in the testing machine. 
The shortening of the effective length of the cylinders due to 
the rings is allowed for in the following table. The cylinders 


TABLE 1 PROPERTIES OF CYLINDERS IN SERIES TESTED 


Series Mat. Length Diam Thick. 2 X107-& opX107% nn 
A steel 5.315 1.88 0.00204 31.4 BT. 1.992 
B brass 5.315 1.88 0.0032 16.5 27.0 4,25 
Cc steel 5.315 Arh) 0.00295 30.6 48.6 2.625 
D steel 11.315 1.88 0.00204 27.06 53.3 2.156 
E steel 5.315 1.88 0.00295 30.6 48.6 1.0 
F steel 1.32 3.75 0.00204 31.4 B7a7 2.781 
G steel 5.315 1.88 0.00395 29.6 36.0: 3.33 
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TENSION DECREASING 


i 
3 


Ae ae TAT 


Fie. 12 


were tested in the special testing machine shown in Fig. 6(a).§ 
This testing machine is capable of testing specimens in any com- 
bination of torsion, bending, and axial compression or tension. 
Figs. 6 to 10, inclusive, of the present paper show typical failures 
under combined compression and torsion, while Fig. 11 shows a 
typical failure under combined tension and torsion with the 
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BS 
COMPRESSION DECREASING 


“G’-Sprizrs CYLINDERS AFTER TEST 


shapes and sizes. They are, however, usually made up of sheet 
material, formed into a great variety of shapes. They are, ac- 
cordingly, subject to local wrinkling or buckling of the sheet 
under load.* Stiffeners of such shapes are ordinarily constructed 
and installed in lengths which are large in comparison to the cross- 
section, so that the sections are also liable to failure as long slen- 


TABLE 2 EXPERIMENTAL RESULTS USED IN PLOTTING CURVES 


Series A 
o lb . 0 20 40 60 80 100 120 170 172 230 192 218 231 
7 lb in. 55 52 49 47 40 39 36 30 20 10 0 0 0 
Series B 
olb. 20 45 90 110 120 150 175 190 230 250 
7 Ib in. 70 64 50 64 48 60 56 54 30 0 
Series C 
o lb : 0 0 50 100 150 155 170 200 200 220 230 250 279 287 287 
7 lb in. 217 240 226 178 180 174 210 210 126 96 70 100 72 0 0 
Series D 
o lb 0 40 97 100 100 120 125 130 140 150 151 
7 lb in. 36 34 23 12 16 24 0 0 0 11 10 
Series E 
a lb 0 0 100 100 200 200 200 300 300 420 430 455 470 490 520 
7 lb in. 106 110 96 100 68 78 90 64 68 20 20 10 10 0 0 
Series F 
o lb i) 25 50 75 100 132 
7 lb in. 160 170 128 130 96 0 re 
Series G} 
o lb —980 —800 800 700 600 600 —500 —500 —400 —400 —300 300 200 200 110 
7 |b in. 0 166 200 220 248 224 220 234 215 218 222 210 204 210 206 
o lb —100 —100 0 0 0 0 100 100 200 200 300 380 400 500 500 
7 lb in. 206 216 178 196 186 184 172 180 166 174 144 150 124 0 75 
a lb 500 500 540 595 613 610 660 
7 lb in. 132 140 100 40 0 0 0 


1 Minus values for o indicate tension. 


tension cage attached. Fig. 12 shows the cylinders of Series G 
after testing. Table 1 shows the properties of the cylinders in 
each of the series tested. The values given for n are the slopes 
of the straight lines in the logarithmic plots, Figs. 3 and 5(a to f) 
previously discussed. 

Table 2 shows the ultimate axial loads o, and torsion moments 
r, for each of the cylinders tested. The values used for oo and 
zo, in plotting Figs. 2 to 5, were the averages of the values of ¢ 
and 7 found in the pure compression and pure torsion tests. The 
values chosen for oo and 70 have considerable influence on the 
value found for n and it is probable that part of the variation in 
the values of n, found for different types of cylinders, is due to the 
inaccuracy of these values. In conducting this type of research 
it is important to make numerous pure compression and pure 
torsion tests (especially pure compression, because the scatter 
is much worse here than for torsion), in order to get a good aver- 
age value for oo and 7o. In future research it is planned to make 
even more of such tests than have been made. 


II—INVESTIGATION OF INDEPENDENCE OF DIFFERENT 
TYPES OF BUCKLING IN L-SECTION STRUTS 


The stiffener shapes used in monocoque, or for that matter 
any other kind of aeronautical construction, are of many different 


der columns, that is as so-called “Euler columns.” The stiffener 
thus has the possibility of buckling in two entirely different 
manners: (1) as a Euler column, or (2) from local instability 
of the sheet of which it is composed. The question then arises 
as to whether these different types of buckling can be considered 
entirely independently of each other or if there is a transition 
stage between them in which a combination buckling can take 
place at a lower loading than for either alone. It was to find an 
answer to this question, both for this case and for other cases of 
structures which can buckle in two or more independent ways, 
that this investigation was undertaken. 

The tests were made with struts of equal-leg “L” section, 
identical except for the widths of the sides. When the widths 
are small compared to the length such struts buckle as Euler 
columns, but for wide widths buckling of the sides occurs first. 

The greatest importance is attached to an accurate knowledge 
of the end fixity for column buckling and of the edge fixity for 
sheet buckling. This type of specimen allowed all these condi- 
tions to be determined accurately. A column of this shape may 
be considered to be made up of two flat plates hinged along their 


6 This type of buckling was considered by G. W. Trayer and H. W. 
March in N.A.C.A. Technical Report 382. 
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common edges with the other edges free, since they can obviously 
buckle in such a way that the angle between the sides at the cor- 
ner will remain the same, and thus there will be no moments at 
these edges.? To obtain definite end conditions for the flat 
plate buckling, each side of the angle section was chamfered 
along its complete width at the ends to an angle of 60 degrees 
(see Fig. 13) insuring hinged edge conditions. The end blocks 
for supporting the specimen each had two 120 degree ‘“‘V” grooves 
cut on one surface, the grooves intersecting at an angle of 90 
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Fig. 13 Enp Buiocks SHowING SEAT GROOVE AND ADJUSTMENTS 


degrees, to receive the ends of the specimens. In order to obtain 
definite end conditions for Euler buckling, a 5/s-in. hardened- 
steel ball was inserted in these end blocks, making the struts 
“ball ended” columns, hinged, in effect, about the center of the 
balls. The struts were thus free to buckle in any direction but 
of course actually buckled about the axis of minimum moment 
of inertia of the section (perpendicular to the axis of sym- 
metry). 

As stated above, for small widths the struts buckle as Euler 
columns. The theory for this type of buckling is well known. 
It was developed by considering the bending of a column under 
compression as a whole and consequently does not take into ac- 
count the possibility of plate buckling nor stresses above the 
yield point of the material. The equation expressing Euler’s 
theory for hinged end columns is® 


r\? 
Oc ~ 5(%) 
l 


where o, = critical buckling stress 
E = modulus of elasticity of the material 
1 = length of column 


r = radius of gyration of the cross-section of column. 


7L. H. Donnell, “‘The Problem of Elastic Stability,’? A.S.M.E. 
Trans., (1933), AER-55-19a. 

8 J. E. Boyd, “Strength gf Materials,’ McGraw-Hill Book Co., p. 
236. 
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This theory has been checked very closely by von Kérman® who 
originated the general method of varying end conditions to counter- 
act initial crookedness which was used in these experiments. 

For wide widths the sides buckle as flat plates. This type of 
failure has been neglected to a certain extent by engineers, as it 
is of more or less infrequent occurrence in general construction, 
where the plates used are usually thick in comparison to length 
and width. The stability of rectangular thin flat sheets under 
compression has been analyzed by Bryan for plates hinged on 
all four sides and by Timoshenko" for other cases. The general 
expression for the uniformly distributed stress on the ends which 
will cause buckling of the plate is? 


t 2 
= 4B (5) 
Ww 


where 
t = thickness of the plate 
w = width of the plate 
k = a constant, depending upon the ratio of the length 


to tbe width and upon the edge conditions. 


Values of k for use with the above formula can be obtained from 
Fig. 7 of reference 7. In our case, sheets hinged on three sides 
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Fie. 14 TxHrorneticaL EuLeR AND PLate BuckLine Curves Com- 
PARED TO EXPERIMENTAL RESULTS 


and free on the fourth, k, for the proportions used in the tests is 
practically independent of the length-width ratio and equals 0.4. 

If all dimensions except the width are fixed, these two theories, 
for Euler and flat plate buckling give two relations between o, 
and the width. These relations have been plotted in Fig. 14. 
It will be seen that the two curves form an inverted “V.”’ Ob- 


Th. von Karmén, ‘‘Mitteilungen tiber Forschungsarbeiten,”’ 
Verein deutscher Ingenieure, Berlin, 1909. 
10S. Timoshenko, ‘Strength of Materials,” John Wiley & Sons, 


New York, part II, p. 604. 
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viously for widths up to the intersection of the two curves, the 
strut should theoretically fail as a Euler column, while for wider 
widths the strut should fail by buckling of the sides. The weight- 
strength ratio is, of course, proportional to o- and this figure 
shows that the maximum weight-strength ratio for this case is 
obtained for a width of 0.77 in. while for widths above or below 
this the ratio drops off greatly. 

Nineteen satisfactory specimens were finally obtained, identi- 
cal except for width, and all as free from initial eccentricities as 
is believed possible without an expenditure greatly out of propor- 
tion to the benefits to be obtained by the added refinement. 

General experience is that in any buckling experiments it is 
impossible to make specimens sufficiently accurate to eliminate 
eccentricities entirely, and accordingly special precautions were 
taken to provide a means of eliminating initial eccentricities for 
Euler buckling. This was done by providing an adjustment in 
the end blocks whereby the ball could be moved relative to the 
axis about which buckling takes place. The horizontal relation 
between the center of the ball and the specimen could be varied 
along the axis of the greatest moment of inertia of the specimen 
so that the effect of initial eccentricities could be removed (see 
“Method of Testing” of this section for a more complete de- 
scription of the apparatus). In this way very sharp buckling 
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was obtained for Euler columns, as will be seen from Fig. 14. 
With these methods of construction the conditions of fixity then 
became known: °For each plate-hinged at one side and at both 
ends; for the specimen as a Euler column-hinged at both ends. 
The specimens were made of such proportions that the buckling 
stresses were always far below the yield point of the material 
thereby eliminating any question of the failure of the material. 

The effect of initial eccentricities upon the flat plate buckling 
was compensated for by use of a method developed by South- 
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well.!!. This is a mathematical method of finding the probable 
buckling strength, which a structure would have if it had no ini- 
tial eccentricities, from measurements of small deflections. 
It is based upon the fact that in this region the load deflection 
curve approximates a rectangular hyperbola having the axis of 
zero deflection as one asymptote and the theoretical load de- 
flection curve for no initial eccentricities as the other asymptote. 
(See “Method of Testing” of this section for a more complete 
description of the manner of use of this method.) 
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Fie. 16 SrraicuTr Line OBTAINED From 6/P-6 RELATIONSHIP 


Plates supported on three sides and free on the fourth buckle 
in one half wave in the lengthwise direction. In our case this 
amounted to a twisting of the middle portion of the strut about a 
longitudinal axis which was readily measured by the use of long 
light metal pointers attached to the sides of the specimen. 

Fig. 15 shows the critical loads for the cases in which plate 
buckling occurred as recorded from the tests without the use of 
Southwell’s method. It will be seen that the experimental scat- 
ter was quite large and most of the points are above the theo- 
retical curve. Several reasons can be advanced for this. In 
these cases, when the ultimate buckling strength was obtained, 
the deflections were very large. The theory is based on the as- 
sumption of very small deflections and it is possible that a theory 
of large deflections would show greater values. But a more 
probable explanation of this discrepancy is that when the de- 
flections became large it was no longer possible to keep the stress 
distribution uniform along the width of the sides. 

By concentrating the stress at or near the corner of the angle 
of the specimen, the load can be carried far above the theoretical 
load for uniform stress distribution, due to the fact that the 
hinged edge is very much more stable than the free edge. By 
using Southwell’s method based on deflection readings taken 
when the deflections were still small, experimental results are 
obtained which can justly be compared to the theory based on 


uR. V. Southwell, ‘On the Analysis of Experimental Observa- 
tions in Problems of Elastic Stability,’ Proc. Roy. Soc., A, vol. 135, 
1932. 
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no initial curvatures and uniform stress distribution. The ulti- 
mate buckling loads without the use of Southwell’s method were 
not critical and were largely a matter of judgment, it being pos- 
sible to run the load up almost indefinitely if the end blocks were 
adjusted purposely to shift the stress toward the corners of the 
angle. Fig. 14 shows the critical buckling load of the specimens 
computed by Southwell’s method from the last set of data re- 
ferred to above. The scatter is greatly diminished and all points 
fall on or very close to the theoretical curve. The authors place 

great deal more confidence in this method of obtaining the 


Fig. 17 Typican Strut in Trestinc Macuinn, SHowING EULER 
Type FAILURE 


Fig. 18 Vimw or SpEcIMEN IN MACHINE, SHOWING CARRIAGE AND 
ScaLes For READING LATERAL DEFLECTIONS 


critical buckling stress than in relying simply on judgment, where 
it is probable that no two persons would agree exactly. 

It is believed that the discrepancies occurring between the 
theoretical curve and the points obtained experimentally are well 
within the limits of experimental accuracy and that the results 
obtained therefore check the theory for Euler and flat plate 
buckling under the existing conditions. 

It would appear from Fig. 14 that a very small fillet may exist 
in the experimental points near the apex of the inverted “V” 


of the theoretical curves. The authors believe, however, that 
the apparent fillet may be merely a coincidence due to the experi- 
mental scatter and the difficulty of overcoming initial eccen- 
tricity, and hence obtaining a clear-cut type of failure in this 
region. It is believed to be established that any relation which 
does exist between Euler and flat plate buckling has a very small 
effect and exists only in the immediate vicinity of the inter- 
section of the two theoretical curves for the two types of buckling. 
It is felt that the results of this test establish the optimum 
dimensions for such a shape and that the engineer can design 
with confidence to the stress indicated by the intersection of the 
two curves provided a reasonable factor of safety is included. 


Metuop or TESTING 


The tests were made on a Riehle Brothers testing machine of 
3000 pounds load capacity. The machine was of the tension 
type, converted for compression tests by means of the cage shown 


Fie. 19 GENERAL View oF APPARATUS SHOWING ONE TYPE OF 
Fiat Puate Buck1ine 


in the accompanying photographs of the apparatus, Figs. 17, 18, 
and 19. 

The specimens tested were all 22 in. in length and the width 
of the sides varied from 0.405 in. to 2.025 in. They were made of 
24SRT aluminum alloy of 0.025 in. thickness, as this material 
and gage is being used to a large extent by the aircraft industry 
on the West Coast. The width of the side was taken as the 
overall width minus half the thickness of the sheet. 

These specimens were made in an ordinary hand brake. It 
was necessary to adjust the brake for each width of specimen to 
get a bend of exactly 90 deg and a uniform radius at the corner. 
This radius was made as small as the material would stand, about 
1/,, in. The narrower specimens were liable to come out with 
considerable initial curvature, due to deflection of the brake, 
the peening of the material along the sheared edges, ete. It 
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was found possible to eliminate most of this by properly padding 
the brake with strips of paper. 

Tests by the Bureau of Standards for the National Advisory 
Committee for Aeronautics on duralumin sheet? show a marked 
_ difference in the stress-strain curve taken normal or parallel to 
the direction of rolling. The authors felt that due to the shape 
of the sheet found in commercial practise, most long angle shapes 
would be made with the angle parallel to the direction of rolling, 
and consequently the specimens were made in this manner. 

Specially constructed end blocks, identical for both ends of 
' specimen, definitely established the desired end conditions. A 
sketch of the end block is shown in Fig. 13. The block A was 
machined on the upper side with 120 degree ‘‘V” grooves which 
made an angle of exactly 90 deg with each other. These grooves 
received the ends of the specimens which had been filed to an 
angle of 60 deg. In filing the ends great care was taken not to 
file away any of the center line. 

A key and keyway between A and B allowed a movement of 
A, and hence the end of the specimen, relative to HZ, the point of 
application of the load. This movement could be made under 
load by means of the wing nuts C. The motion between A and B 
was such that E always moved along the axis of symmetry of 
the specimen. This insured an equal stress distribution on each 
leg and left the specimen free to buckle as a Euler column about 
the axis of least moment of inertia, which is perpendicular to the 
axis of symmetry. 

To detect Euler failure of the specimen, an Ames dial gage 
was used, with counterbalancing spring removed. A small metal 
strip was attached to the gage point, which made point con- 
tact with the back of the angle at the middle of the length of the 
specimen. The gage was also mounted with the slide making 
point contact at the inside of the angle and results were the same 
as for the previous position. Both methods of attachment are 
shown in the accompanying photographs of the apparatus. 
The authors feel that in either position some slight rigidity was 
given to the specimen but that the results were not sufficiently 
in error to warrant setting up an optical system for this measure- 
ment. 

To detect flat plate buckling, thin metal strips about ten 
inches long were attached to the free edges with paper clips as 
shown in Figs. 18 and 19. These pointers magnified the move- 
ment of the free edges. 

For each test, the end blocks were set so that the axis of the 
least moment of inertia of the specimen was in a vertical plane 
with the point of contact of the ball, D, and the base plates of 
the cage. The specimen and end blocks were then mounted in 
the testing machine, a light load applied, and the measuring de- 
vices, Ames gage and pointers, were put in place. Both mea- 
suring devices were read as small increments of load were applied. 
Due to initial eccentricities or curvatures, it was found that the 
Ames gage would show a deflection of the column at compara- 
tively low loads. By adjusting the wing nuts, C, so as to remove 
the apparent eccentricity a greater load could be applied without 
obtaining a deflection. This was repeated until finally the col- 
umn would not stand a greater load without buckling. The 
loads at which Euler buckling occurred were for the most part 
very critical as the dial gage remained perfectly steady and 
then for one pound increase in load would show a very large de- 
flection. The pointers, indicating plate buckling, remained 
practically steady during the test of a specimen which failed as 
a Euler column. 

Where wider widths were used and flat plate buckling occurred 
before Euler buckling, the actual measured results were not so 


12. E. Lundquist, ‘‘The Compressive Strength of Duralumin 
Columns of Equal Angle Section,” N.A.C.A. Technical Note 413, 
1932. 
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significant, as there was no definite point at which this buckling 
occurred, due to initial eccentricities. Ranges were found for 
each specimen where, with the proper end adjustment, there was 


TABLE 3. TYPICAL DATA TAKEN FOR DETERMINATION OF 
CRITICAL LOAD BY SOUTHWELL’S METHOD 2 


Load Deflection 6/P 
fe 6 
67 0 
70 .2 0.00286 
72 0.5 0.00695 
‘ 74 0.7 0.0094 
Specimen No. 17 76 1.0 0.01315 
78 1.3 0.0167 
80 1.8 0.0225 
82 2.4 0.0293 
84 3.0 0.0357 
0 0 0 
62 0.2 0.00323 
64 0.3 0.0047 
66 0.3 0.00455 
68 0.4 0.00588 
70 0.4 0.00571 
72 0.4 0.00555 
74 0.5 0.00675 
ee ee 
. F .0077 
Specimen No. 12 30 0.7 0.00875 
82 0.8 0.00975 
84 0.9 0.01072 
86 1.0 0.01165 
88 teal 0.0125 
90 1.2 0.01335 
92 1.5 0.0163 
94 1.8 0.0192 
96 2.6 0.0261 
98 6.5 0.0664 
80 0 0 
85 0 0 
00 10 0.0100. 
E - 100 ; .O1 
Specimen No. 11 105 2°0 0.01905 
110 5.0 0.0455 
111 6.0 0.0541 
112 8.5 0.0758 
90 0.1 0.00111 
95 0.12 0.001264 
100 0.13 0.0013 
105 0.14 0.001333 
110 0.17 0.001545 
115 0.22 0.001913 
118 0.25 0.00212 
64.5 0.2 0.0031 
Specimen No. 1 74 0.6 0.00812 
83 1.0 0.0121 
90 1.4 0.0157 
95.5 1.8 0.0189 
100.5 2.2 0.022 
104.3 2.6 0.0249 
108.5 3.0 0.0277 
111.5 3.4 0.0305 
113.7 3.8 0.0334 


no Euler deflection, but where the edges showed considerable 
deflection with increase in load. These deflections were mea- 
sured by the pointers and were used to compute the critical load 
by Southwell’s method. 


TABLE 4 VALUES OF cE WIDTH, AND oc FOR EACH 


MEN 
Specimen Load, 
No. ie Width oc 

1 147.3 1.0255 2875 
2 102 0.6475 3145 
3 65 2.0255 641 
4 148 0.767 3860 
5 73 0.6000 2435 
6 52 0.545 190 

ic 130 0.7175 3620 
8 159 0.8455 3760 
9 138.1 0.9735 2840 
10 129.5 1.0355 2500 
11 113.2 1.1595 1955 
12 104.5 1.2855 1625 
13 83.8 1.5385 1090 
14 23 0.4050 1135 
15 112 1.0825 2075 
16 111.6 1.2215 1828 
17 89.5 1.4005 1280 
18 75 1.7705 847 
19 156 0.8041 3880 


The use of this method consisted first of tabulating the de- 
flections, 6, against the loads, Ps which caused them, and 
from this tabulation obtaining 6/P. Then 6 was plotted against 
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8/P on ordinary cross-section paper and the slope of a straight 
line faired through the points so obtained was measured. 
Southwell proves that this slope is equal to the critical load at 
which buckling would theoretically take place if there were no 
initial curvatures or eccentricities. Table 3 gives the values for 
6 and P obtained for five typical runs. For specimen No. 9 the 
method was applied with two sets of deflections, one covering a 
range of loadings from 60 to 120 pounds and the other from 120 
to 136 pounds; the resulting P from each was very nearly the 
same. Fig. 16 shows the method of plotting these values for 
specimen No. 12, which was typical for all of them. Table 4 
shows the load, width, and o, for each specimen. 


Discussion 


A. V. Karpov.!3 The advantages of monocoque aeroplane 
constructions created a considerable demand for data that could 
be directly applied in the design. The stability of such struc- 
tures, as a whole, and of the individual members are the limiting 
factors that are of particular interest to designers. Recently a 
considerable amount of experimental work was done and data 
collected, which can be and is applied to solve a number of press- 
ing design problems in connection with such structures. 

So far as the development of theories underlying such designs 
are concerned, a very opportunistic point of view is generally 
taken. 

If the developed theory does not directly contradict the re- 
sults of tests, it is considered satisfactory. Stating it frankly, 
none of the stability theories developed in connection with 
monocoque designs is satisfactory and these theories can be 
considered as rough approximations only. 

The paper is a valuable addition to the available experimental 
data but so far as the theory is concerned no addition is made 
to our present and very insufficient knowledge. 

It would seem that the main efforts should be directed toward 
development of a more satisfactory theory. That, in all proba- 
bility, could be done by developing a line of attack that is radi- 
cally different from the ones used in the past. 

The development of such a theory would make possible a better 
correlation of data of the numerous tests and provide a more 
scientific basis for future designs. 


E. E. Lunpquist.!4 The authors are to be congratulated upon 
their paper and the timely contribution to the knowledge of the 
strength of thin-metal structures. However, there is one point 
raised in the paper that ought to be amplified somewhat. 

Toward the close of section I the authors make the following 
statements: ‘The values chosen for oo and 7 have considerable 
influence on the value found for n, and it is probable that part of 
the variation in the values of n, found for different types of cyl- 
inders, is due to the inaccuracy of these values. In making this 
type of research it is important to make numerous pure com- 
pression and pure torsion tests (especially pure compression, be- 
cause the scatter is much worse here than for torsion), in order 
to get a good average value for oo and 70.” 

From this quotation it will be noted that n probably varies 
with the imperfections of the cylinders as these imperfections 
affect oo and 7) as well as o and r. It therefore seems desirable 
to discuss the probable effects of imperfections upon the value of 
n. 

In the course of an extensive series of tests on thin-walled 
cylinders made by the National Advisory Committee for Aero- 
nautics at Langley Field, Virginia, it was found that the acci- 


13 Designing Engineer, Aluminum Company of America, Pitts- 
burgh, Pa. 
14 Junior Civil Engineer, Langley Field, Va. 
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dental imperfections that occur in the cylinders do not affect 
greatly the strength in torsion, to. This fact has also been con- 
firmed by tests made at the California Institute of Technology 
and elsewhere.15:16 

In these same tests at Langley Field it was found that the im- 
perfections caused a very wide scattering of the strength in com- 
pression, oo. This fact was also confirmed by tests made at the 
California Institute of Technology, the University of Illinois, and 
abroad.” 
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For the purpose of discussion let us assume that it is possible 
to construct and test perfect cylinders of identical dimensions. 
For these cylinders let us plot as abscissa the strength in torsion 
and as ordinate the strength in compression. Suppose, further, 
that it is found that the strength in combined compression and 
torsion is given by curve a in Fig. 20. Actually, it might be 
found that the true curve would be more like a’ in Fig. 21, but for 
the purpose of discussion it is immaterial which curve is assumed. 

Now, suppose that it is possible to control the imperfections. 
For a given degree of imperfection it is not likely that the new 
experimental curve would depart greatly from curve a near the 
torsion axis, but it is likely that the new curve will depart greatly 
from curve a near the compression axis. For a given degree of 
imperfection, we might, therefore, find the strength to be given 
by curve b, c, or d. Thus, such a Fig. as 20 or 21 shows clearly 
how imperfections affect the strength of cylinders in combined 
compression and torsion. 

Now, plotting o/oo against 7/7, for the curves of Figs. 20 and 
21 (the method used by the authors of the paper), Figs. 22 and 23 
are obtained. It will be noted from reference to Figs. 22 and 23 
that curves a, b, c, and d are reversed in order as compared to the 
corresponding curves in Figs. 20and 21. If the authors’ Equation 
[1] is presented in curve form with different values of n, Fig. 24 
is obtained. In this figure it will be noted that the curves for the 
higher values of » correspond to the curves in the preceding 
figures for the imperfect cylinders. Thus, when a particular 
value of n is recommended for use with Equation [1] the corre- 
sponding value of oo should be given. The value of 3 for n is 
probably a good average value for cylinders with the usual im- 
perfections. However, with n equal to 3, oo should not exceed 
the values obtained by the authors for the various radius-thick- 
ness ratios tested. 


15 BH. BE. Lundquist, ‘Strength Tests on Thin-Walled Duralumin 
Cylinders in Torsion,” N.A.C.A., 1932, T.N. No. 427. 

16. H. Donnell, ‘Stability of Thin-Walled Tubes Under Tor- 
sion,’’ N.A.C.A., 1933, T.R. No. 479. 

17 —. B. Lundquist, “Strength Tests of Thin-Walled Duralumin. 
Cylinders in Compression,’’ N.A.C.A., 1933, T.R. No. 473. 


For many years the relationship between the velocity of 
\ deformation and the resulting stress has been occupying 
the attention of several investigators. In general, the tests 
have been made under uniform tensile- or compressive- 
stress conditions. It was with the object of investigating 
this relationship when under pure shear conditions that 
the work outlined in this paper was undertaken. Except 
) for a few isolated cases, there are no results available with 
- which comparisons may be made, but it appears from the 
, tests made that the influence of the rate of deformation 
upon the ultimate strength is considerable. The results 
indicate that in all likelihood the same relationship that 
) has been found to exist for conditions of direct stress will 
hold for conditions of pure shear. That is, the equation 
proposed by Ludwik, ¢ = 1 + C log (v/m), for the case of 
') pure tension has been found to prove satisfactory for pure 
\shear. Only one metal (lead) has been tested, but the re- 
sults so found may be taken as representative of those 
materials with a low melting point. Further, in all proba- 
bility the behavior of steels, when subjected to constant 
rates of shear and when maintained at some relatively 
high temperature, will lead to similar results. 


HE influence of the velocity of deformation upon the 
strengths of materials has long been recognized, and a 
considerable amount of work has already been carried out 
in this field of investigation. One of the first to study this 
influence was P. Ludwik,? who, in 1909, suggested a mathematical 
formula to represent the relationship between the stress and the 
corresponding velocity of deformation. The equation which he 
then proposed, or later modifications of it,? is accepted today as 
the most suitable mathematical expression available and is 
applicable over large ranges of speed; i.e., not only is it suitable 
to those tests where the velocity of deformation is appreciable, 
but it is also applied to creep testing where the rate of deforma- 
tion is very low. 
Ludwik carried out a series of tensile tests upon tin wires under 
various rates of deformation. These rates ranged from 5 X 
10-* per cent per second to 0.0485 per cent per second. From 


1Graduate student, Department of Engineering Mechanics, 
University of Michigan. Mr. Jamieson was graduated from the 
University of Glasgow, Scotland, in 1931, with the degree of B.Sc. 
in Mechanical Engineering. 

2 P. Ludwik, ‘‘Ueber den Hinfluss der Deformationsgeschwindig- 
keit mit besonderer Beriicksichtigung der Nachwirkungserschein- 
ugen,” Phys. Zeitschr., 10, 1909, p. All. 

30. R. Soderberg, ‘‘Working Stresses,” A.S.M.E. Trans., vol. 55, 
1933, paper APM-55-16, p. 131. 
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Influence of Rate of Shear on Shearing 


Strength of Lead 


By JAMES JAMIESON,! ANN ARBOR, MICH. 


consideration of the results of these tests he finally arrived at a 
suitable expression, of which the present-day interpretation is 
given as follows: 
v 
ao = Gj = G: log = 
vj 
It should be noted that in this expression ¢ is the stress and v 
the corresponding rate of deformation, while 0 and v; and C are 
material constants. 

Other investigators have also verified or shown independently 
that this expression represents the condition of stress at various 
rates of flow. In a paper published in 1930, R. W. Bailey* 
adopted a logarithmic equation, similar to the foregoing equa- 
tion, to express the relationship between stress and rate of creep. 
In a recent paper, H. Deutler® also shows that this relationship 
holds for speeds very much greater than the ordinary speed of a 
slow tensile test. The rates of deformation investigated by 
Deutler varied from 0.001 per cent per second up to 1000 per 
cent per second. 

Investigators have generally confined their research to nar- 
rower limits of speed variation, with the result that many of 
them adopt another mathematical expression in the treatment 
of their results. E. Siebel and A. Pomp® tested steel, copper, 
and lead in compression over velocities of ratio 1: 50, the greatest 
velocity being 1.25 per cent per second. The equation which 
they adopted is: 


oc=an+Cv" 


where a is the stress, » the rate of deformation, and 0, C, and n 
are material constants. This expression was first proposed by 
Ludwik, but later was rejected as unsuitable. He found that it is 
applicable only over a comparatively small range of speed. 

From the results quoted here and from many others dealing 
with this problem, the general conclusion can be reached that the 
resistance to flow increases with the velocity of deformation. 
This increase, however, is insignificant in so far as materials 
such as mild steel are concerned when tests are made at room 
temperature and with velocities not of the order associated with 
impact. Should the temperature be increased or should the 
metal under consideration have a low melting point, then the 
same changes in speed of deformation may be accompanied by 
considerable changes in the acting stress. Except for the usual 
long-time creep tests, scarcely any investigations have been 
made to determine how the resistance to flow of steel varies with 
the rate of deformation when the rate is considerable and when 
the steel is maintained at some elevated temperature. 

Since the temperature of recrystallization of lead is compara- 
tively low, the results obtained from lead at ordinary temperature 
conditions may be taken as analogous to those obtained from 


4R. W. Bailey, ‘““Thick-Walled Tubes and Cylinders Under High 
Pressure and Temperature,” Engineering, vol. 129, 1930, p. Tis 

5 H. Deutler, ‘“Experimentelle Untersuchungen iiber die Abhingig- 
keit der Zugspannungen von der Verformungsgeschwindigkeit,”’ 
Phys. Zeitschr., vol. 33, 1932, p. 347. 

6 E. Siebel and A. Pomp, ‘Einfluss der Formanderungsgeschwin- 
digkeit auf den Verlauf der Fliesskurve von Metallen,”’ Mitteilungen 
K.-W. Inst., vol. 10, 1928, p. 63. 
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materials with higher temperatures of recrystallization and when 
tested at elevated temperatures. It was with this analogy in 
mind that the investigation recorded herein was undertaken, 
and it is to be hoped that in the near future similar tests will be 
made upon steels at high temperatures. 

It should be noticed also that as yet all tests have been made in 
tension or compression and that the behavior of metals subjected 
to a pure shearing action and deformed at some constant rate has 


Fig. 1 


been neglected. Further, since modern theories are in agree- 
ment that strengths of materials are intimately connected with 
the condition of shearing stresses in the metal, it has been thought 
reasonable to depart from the usual testing methods and to 
examine the relationship between strength and rate of deforma- 
tion when materials are subjected to conditions of pure shear. 


Txesting EQUIPMENT 


The apparatus used in making this series of tests is a simple 
one and is illustrated in the photograph, Fig. 1, and in the line 
diagram, Fig. 2. It isan arrangement whereby tubular specimens 
of lead are sheared to destruction at various rates of deformation. 

In the case of high-speed tests the necessary force is supplied 
by an 8-hp gasoline engine which carries two heavy flywheels 
and which runs at speeds up to 300 rpm. The specimen under 
test is fixed rigidly to one of the flywheels and rotates freely 
with it. At a specific speed, which is determined by use of a 
stroboscope, a clutch is thrown in, and this immediately brings 
one end of the specimen to rest. The inertia of the flywheels is 
such as to shear the specimen without any noticeable decrease 
in speed of the moving parts. The torque required for this 
shearing action is transmitted 
through the clutch toadynamom- 
eter, which registers it through 
the medium of an Ames dial. 
A motion-picture camera is used 
to record the readings on the 
dial, and it is thus possible to 
investigate the effect of compara- 
tively rapid rates of shear. 

A more thorough explanation 
of the mechanism can be ob- 
tained from Fig. 2. Here grip 
A is fixed to the flywheel and is 
held in position by two keys and restrained so as to move only 
laterally. Tubular specimen C is gripped firmly in grips A and B 
such that ACBD forms one continuous member. JZ is the mov- 
able member of the clutch (DE), and while this can move laterally 
on the shaft, all rotation is eliminated by keys. The dynamome- 
ter G registers the applied load, and one end is fixed rigidly to 
the frame of the apparatus. 

The specimen used is tubular, with an effective gage length of 
1/,in. A fully dimensioned sketch of the test piece is given in 
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Fig. 3. It is held in position at each end by central pins and by 
four setscrews, each firmly holding a steel segment machined to 
fit the outside diameter of the tube. 

In order to obtain much slower rates of deformation, use was 
made of the common type of torsion machine. This had two 
constant speeds, and, accordingly, the equipment described 
was used in cooperation with this machine. 

The total range of speed over which tests were made was from 
0.0312 rpm to 225 rpm, or 0.0135 
radian per inch per second to 
95 radians per inch per second 
—a ratio of 1: 7000. 


RESULTS 


It is needless to enter into 
details with respect to the test- 
ing procedure, since the entire 
testis straightforward. It will 
be sufficient to add, however, 
that many tests were made, 
and all results were checked 
and rechecked several times. 
Further, all the specimens were brought to a uniform condition by 
heating them in boiling water for a period of eight hours. 

The calculation of the stresses is based upon the assumption 
that the stress is constant over the thickness of the tubular 
specimen. This is a reasonable assumption to make when the 
thickness of the tube wall is considered (0.055 in.). If s is the 
shear stress, r the mean radius of the tube, and ¢ the thickness, 
then, 


2 rtts =T 


where 7’ is the torque which is measured by the dynamometer. 
The results obtained from these tests are shown graphically 
in Fig. 4. It is at once apparent that variation in the rate of 
shear has an effect upon the strength of the material. The 
stresses found at the higher speeds at first appear somewhat 
confused. The curves, however, are of the same general shape, 
and upon further examination it will be seen that increasing 
speeds result in an increase in the strength of the metal. There 
is only one exception and that is the curve corresponding to a 
speed of 178 rpm (75.4 radians per inch per second). There is 
no explanation to account for this divergence, but, as will be 


Ames Dial Rigidly 
Fixed to Frame 


Clutoh 
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shown, this error is not so great as it might at first appear. 

It is interesting to note the shape of the curves representing 
the two lowest speeds. In both cases it would appear that lead 
has some definite upper yield point. This point is characteristic 
of steels and has been found by many investigators, but as far 
as the author is aware, no one has recorded this peak for non- 
ferrous metals. Further, after this peak has been reached, the 
stress decreases continuously, first rapidly and then very slowly. 
This phenomenon of flow of lead at a constant speed at a constant 


or decreasing stress has been observed by Siebel and Pomp. 
It may be explained by the fact that the temperature of re- 
crystallization of lead is low and recrystallization occurs during 
the process of testing. To obtain recrystallization, a certain time 
jmust elapse, and naturally, therefore, this effect is more notice- 
able at low rates of deformation. This latter portion of the curve 
denotes, therefore, that the 
strain-hardening effect brought 
about by the deformation is 
\compensated by the phenome- 
non of recrystallization. The 
curves given in Fig. 4 may be 
taken as fundamentally charac- 
' teristic of the behavior of 
metals at comparatively high 
temperatures, although not 
' necessarily above the temper- 
ature of recrystallization. 

-) It should be noted also that 
the peak in the case of the 
) higher rate of flow is displaced 
' to the right and is not so 
sharply defined. From these 
two tests, therefore, it would 
seem that this upper yield point 
is most apparent at compara- 
tively low rates of shear, while 
at high speeds, and with the 
equipment used, it cannot be Co) 2 4 
detected at, all. When tests 
at much lower speeds are car- 
ried out, it will be interesting 
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to note if this yield point becomes more pronounced or not. 

In an endeavor to find a mathematical expression to represent 
the stresses found at various rates of shear, use has been made of 
the equation proposed by Ludwik: 


o LA EEO 16g 
v; 


This equation has been found to give results substantially in 
agreement with those found experimentally. By considering 
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the lowest speed v; and the corresponding stress o, at some 
particular value of deformation (71/2; radians per inch), this 
equation takes the form: 


v 
1310 42390 log —— 
as + 390 log 0 0135 
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By substituting values for v, the corresponding stress values 
« are found. These results, tabulated against the experimental 
values, will be found in Table 1. From the small percentage 
errors listed there, there is no doubt that this expression is suitably 
adapted to the curves found by experiment. Similar calculations 
have been made at sections made in ordinates 6 and 11 radians 
per inch, and the corresponding results are shown in Tables 2 
and 3, respectively. The agreement at the higher speeds is 
remarkable in view of the apparent irregularity the curves assume. 


TABLE 1 
(c¢ = 1310 + 390 log (v/0.0135) when ¢ = 71/. radians per inch) 
Calculated value Shear stress Variation 
Velocity of shear of shear stress by experiment between 
D) o cL. gandoE 
rad/in./sec lb/sq in. lb/sq in. per cent 
0.0135 1310 1310 0 
0.1745 1744 1798 3.0 
25.2 2588 2556 —1.2 
30.2 2615 2606 4 
44.0 2680 2618 —2.4 
48.2 2700 2700 0 
60.5 2732 2763 i Uy | 
75.4 2772 2650 —4,5 
79.7 2783 2800 0.6 
94.4 2810 2875 2.3 
ING SER eee fan ICU OR IOI Dee ie OO UE IG —0.1 


The small variations in the stress values at high speeds illus- 
trate that a change in velocity does not affect the resultant 
stress to any appreciable extent. It is for this reason that the 
curves at the higher rates of shear, although hardly symmetrical, 
give results in close agreement with those found by use of the 
aforementioned equation. 

That a change in velocity at high speeds has comparatively 
little effect, is illustrated more clearly in Fig. 5, which is a graphi- 
cal representation of the foregoing equation. The rate of the 
increase in strength at very low velocities of the order of 1 radian 
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TABLE 2 
(o = 1318 + 390 log (v/0.0135) when # = 6 radians per inch) 


Calculated value Shear stress Variation 
Velocity of shear of shear stress by experiment between 
v o ok gandok 
rad/in./sec lb/sq in. lb/sq in. per cent 
0.0135 1318 1318 0 
0.1745 1752 1820 Sal 
25.2 2596 2540 —2.2 
30.2 2623 2550 —2.9 
44.0 2688 2550 —5.0 
48.2 2708 2680 —1.0 
60.5 2740 2725 —0.5 
75.4 2780 2600 —6.9 
79.7 2790 2750 —1.4 
94.4 2818 2860 1.4 
IN ge EB OCROCORD IDA COG UOC OOU OC CHO O ORONO ONC Gieo —1.3 
TABLE 3 


(o = 1295 + 390 log (v/0.0135) when ¢ = 11 radians per inch) 


Calculated value Shear stress Variation 
Velocity of shear of shear stress by experiment between 
2 o oE oand ok 
rad/in./sec lb/sq in. lb/sq in. per cent 
0.0135 1295 1295 0 
0.1745 1729 1780 2.9 
25.2 2573 2550 —1.0 
30.2 2600 2610 0.4 
44.0 2665 2680 0.6 
48.2 2685 Aen nO 
60.5 2717 2770 2.0 
75.4 2757 2688 —2.5 
79.7 2767 2795 yt 
94.4 2795 2790 —0.2 
IN INES CE, seu th SOREN rie nega Sune bo biracial Obs 0.3 
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Fie. 5 Curve SHowine RELATIONSHIP BETWEEN SHEAR STRESS 
AND Rate oF SHEAR (¢ = 7!/2 RADIANS PER INCH) 


per inch per second is very great. At the higher velocities, say 
about 50 radians per inch per second, the slope of the curve is 
comparatively little, and accordingly variations in strength 
are decidedly less noticeable. 

In view of the irregular shapes which the curves adopt at low 
values of deformation or degrees of twist, it can hardly be ex- 
pected that this mathematical relationship will hold at all points. 
From consideration of these curves (Fig. 4) it may be said that, 
for the tests already made, Ludwik’s general law is valid only 
over some specific range of deformation. From the results al- 
ready quoted, however, there seems little doubt that this ex- 
pression agrees closely with the stress values over an appreciable 
range of speed and of deformation. This degree of deformation 
can be taken to cover approximately all values between 5 and 
12 radians per inch. 

Although these results cannot be regarded as conclusive until 
a wider range of speed is covered, it may be said with every con- 
fidence that there exists a definite relationship between the shear 
strength of a metal and the rate of shear which it undergoes. 
There is every indication also that this relationship is similar to 
that already recognizedwas existing between tensile stress and 
the rate of deformation. 
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Discussion 


H. Hencxy.’? The author shows experimentally that the form 
of the law of flow is the same for uniaxial stress as it is for pure 
shear. The flow of metals being quite independent of the com- 
paratively very small volume changes, this result could be ex- 
pected theoretically. However, on account of the probability 
that the plastic material becomes an isotropic, the experiments 
of the author are of considerable interest and should be exploited 
theoretically as much as possible. 

It is to be regretted that the author did not try also the formula 
of Mr. Soderberg, which does not lead to obvious absurd results 
for small strain velocities. Perhaps the coincidence of experi- 
ment and formula would not be so striking in that case, but 
this coincidence has not such great value if the first part of the 
curve is uncertain. 

As pointed out by the writer, the neglect of the elastic effects 
in relaxing materials is objectionable, especially in the region of 
small strains. 

With this elastic effect taken into account, the curves A-H 
would have to be analyzed in a slightly different manner from the 
curves J and K. 


P. G. McVerry.® In this study of the relation between stress 
and velocity of deformation, the author has made a valuable 
contribution to the knowledge of the subject. The use of a low 
melting material such as lead to simulate the action of steel at a 
relatively high temperature greatly facilitates the study of funda- 
mental laws. Also, the conduct of tests in pure shear instead of 
tension gives results which are directly applicable to many 
practical problems. 

The suggestion of the author that similar results may be 
expected in tests of steels at high temperature may require some 
qualification. The creep of metals at elevated temperatures 
usually represents an extremely small velocity of deformation, 
and no satisfactory proof that the same laws are applicable 
to low and high speeds has yet been presented. The fundamental 
investigations of Ludwik and of Cassebaum were not generally 
known in this country prior to the translation of Dr. Nadai’s 
book? in 1931. In referring to these investigations, Dr. Nadai 
was careful to avoid the use of the proposed relation between 
stress and velocity for very small velocities of flow. This is 
necessary because log » = —o when v = 0. 

The minimum velocity of 0.0135 radian per inch per second 
is very rapid compared with creep rates of 107° to 10~* per 
hour. While it is very interesting to have further verification 
of the conclusions of Ludwik, Cassebaum, and Deutler, especially 
when applied to shear, it does not necessarily follow that the 
same law will be applicable to creep of metals at elevated tem- 
peratures. 

Various modifications of the Ludwik relation have been pro- 
posed, but none is entirely satisfactory. Soderberg! suggests 
that (v/v) in the formula be changed to (1 + v/v) to give a more 
rational interpretation at small creep rates. Dr. Nadai® suggests 
for quite small velocities near zero, a linear relation between 
stress and creep rate, and for larger velocities the logarithmic 
relation. This would bring creep phenomena at low velocities 
within the laws of viscous flow. 

The writer has tried many of the possible relations in studying 
creep-test data and in attempting to predict flow rates for low 


7 Associate Professor of Mechanics, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 

8 Research Laboratories, Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. Mem. A.S.M.E. ‘ 

9 A. Nadai, ‘‘Plasticity,”” McGraw-Hill Book Company, New York, 
INE Ge 

10 ©. R. Soderberg, ‘“‘Working Stresses.’’ (See footnote 3.) 


stresses. Promising results have been obtained, but a com- 
pletely satisfactory substitute for the proposed relation is not 
available. Until these relations have been applied to data for 
_ many different kinds of material, it seems desirable to recommend 
caution in any extrapolation into the field of very low deforma- 
tion velocities. 


AuTHOR’s CLOSURE 


Dr. Hencky has suggested that the results should be treated 
'\ from the theoretical viewpoint as much as possible. The author 
is in complete agreement with Dr. Hencky on this point, but is 
confident that more tests should be made, and especially at low 
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rates of shear, in order to facilitate this work. He did not neglect 
the formula proposed by Mr. Soderberg, but found that his 
equation would require some modification before it could be used 
satisfactorily over a large range of rates of shear. 

The author also thanks Mr. McVetty for the points he has 
raised and the references given. There is little doubt that in- 
sufficient data are at present available to enable one to predict 
stresses for different rates of flow, and especially so when re- 
ferring to rates of deformation of very small magnitude. It is 
to be hoped that in the near future more extensive investigations 
will be made and that the results will provide a more satis- 
factory basis for calculation. 


Wind Pressure on Buildings 


By PROF. DR.-ING. O. FLACHSBART,? HANOVER, GERMANY 


Sad 4 NHE existing specifications for calculating wind pressure 
usually assume that the pressure normal to a plane surface 
is W = wA sin? a, where a is the angle between the 
velocity of wind, which can be taken horizontal, and the surface, 
and wp is taken from 100 kg to 150 kg persq m. Experiments 
show that such specifications are not satisfactory, since they do 
not take proper account of the actual conditions. For instance, 
in the case of hangars and roofs the action of suction forces 
usually remains without explanation. The aforementioned 
specifications are based on the old Newton theory which assumes 
that the wind pressure can be considered as the result of bom- 
bardment of particles. From this it follows that only the sides 
facing the wind are submitted to wind pressure and that wind 
action can consist only in some increase of pressure. Suction 

forces on the basis of this theory are impossible. 
Expressions for wind force and wind pressure, as used in aero- 

2 2 

dynamics now, are W = cw - A and pi = 2 = where p 
is the air density—it is sufficiently accurate to take p = 1/s 
(kg-sec?/m*); p; is the wind pressure in kg/m?; while cw and 
z; are two numerical factors which are not constant but functions 
of stream condition; cw is the coefficient of wind force, and 2: 
the coefficient of wind pressure. The investigation of wind 
forces consists in the determination of the functions cw and 2: 
(problem of aerodynamics) and the determination of wind 
velocity (problem of aerology). An analytical solution of these 
problems does not exist at present. The solution of the same 
problems can be made by taking measurements on existing 
buildings, but: this is a laborious and difficult method. A more 
feasible method of attack is the solution of the aerodynamical 
problem in a wind tunnel of an aerodynamical laboratory. This 
can be done by using models of buildings and by investigation 
of wind properties in natural conditions. The results of such 
investigations can be utilized in practical calculations of wind 
pressure only under the assumption that the results obtained on 
models can be applied in the case of actual buildings. The 
investigations show that the results obtained with models can 
be applied with sufficient accuracy in the case of such structures 
as houses, industrial buildings, and bridge trusses. In the case 
of structures without sharp edges, such as chimneys of circular 
cross-sections and cylindrical gas and liquid tanks, the problem 


1 Abstract of paper presented at the Semi-Annual Meeting, 
Chicago, Ill., June 26 to July 1, 1933, of Tom American Society 
or MEcHANICAL ENGINEERS. 

2 Technische Hochschule. 


is more complicated, but in these cases also the model tests give 
important information. The usefulness of aerodynamical model 
tests is now generally recognized. There are numerous results 
from aerodynamical laboratories, which can be used for various 
shapes of buildings for calculating the numerical factors cy and 
zi. It is questionable whether sufficient knowledge regarding 
the properties of actual wind is available to apply the model tests 
in developing practical specifications. 

It must be agreed that there are not many satisfactory aero- 
logical data. Since 1925 careful observations of weather stations 
have been made in Central Europe. On the basis of these, 
together with other reliable knowledge of aerology, the following 
statements regarding the wind problem can be made which will 
be of interest for structural engineers: The maximum velocity 
of 45 m/s was established by some reliable experiments which 
are applicable to Middle Europe conditions. Wind of 35 m/s 
happens often. Except in the lower strata, of 10 to 20 meters 
thick at the earth’s surface, a uniform wind of constant velocity 
can be assumed with an accuracy sufficient for practical purposes. 
It is recommended to make calculations with velocity 40 m/s. 
This velocity should be reduced for the lower sheet of air in one 
or several steps, to the velocity 35 m/s (for windy regions 45 
m/s and 40 m/s, respectively). There is the opinion that at the 
sea coasts the wind may have higher velocities. But this is not 
supported by aerological observations, and it is not recommended 
to introduce, for such cases, higher velocity requirements. In 
the case of very high structures which can be brought in oscilla- 
tions by fluctuation of wind velocity it is necessary to increase 
the wind-pressure requirement. The new investigation showed 
that the dynamical effect of wind pressure is taken care of with 
sufficient accuracy by increasing the statical wind pressure by 
20 to 30 per cent. Assuming wind velocity 40 m/s, i-e., pv?/2 = 
100 kg/m, it seems satisfactory to assume for slender struc- 
tures such as chimneys, radio towers, and lighthouses, the wind 
velocity 45 m/s, i.e., pv?/2 = 125 kg/m*% Assuming these 
velocities, the wind pressures on structures can be calculated 
without difficulty on the basis of model experiments. In the 
paper several examples are discussed: Buildings with rectangular 
bases and with various shapes of roofing, open halls, bridge trusses, 
towers, chimneys, and gas containers. The experiments indicate 
in all cases the importance of suction forces. Cases of such 
forces acting on a roof and on cylindrical containers are discussed 
in the paper. Finally the author discusses the specifications for 
wind pressure and indicates rational ways of modifying such 
specifications so as to take into account actual conditions. 
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Design and Calculation of Steam-Turbine 


Disk Wheels 


By I. MALKIN,! PHILADELPHIA, PA. 


A simple procedure for calculation of steam-turbine 
disk wheels together with a discussion of some questions 
concerning their elastic resistance in various conditions 
is offered in the following article. New solutions of the 
problem of rotating disks are developed and their applica- 
tion in disk design is shown by practical examples. The 
resulting method in designing turbine disks is represented 
by a general scheme with a standard table. 


INTRODUCTION 


‘A i NHE calculation of steam-turbine disk wheels often forms an 
actual problem of great importance in steam-turbine 
design, although many methods for the solution of the 

problem of rotating disks are known and used. To be of prac- 
tical use in design and development, a satisfactory solution of 
the problems involved is expected to yield simple procedures 
and practical standards and to reduce the present cumbersome 
methods of stress calculation to a minimum of mathematical 
work. To develop new solutions of this kind is the main purpose 
of the present contribution. 

By introducing certain new profile curves into the analytical 
form of the problem of rotating disks, formulas for the stresses 
are obtained, which are much simpler than those yielded by 
any other analytical solution of the problem. These curves are 
suggested by certain conditions of integrability of linear differ- 
ential equations and are designated by the author as ‘‘exponen- 
tial profiles.” Due to the mathematical properties of the new 
formulas they easily admit of a simple and complete numerical 
representation by means of a ‘ ‘standard table,”’ which when once 
calculated can be used in disk computations for any special 
given conditions. Such a table is presented in this paper for 
disks of the “first exponential profile.” This will be followed 
in a later article by a similar table for the still more important 
“second exponential profile.’ Examples of disks of the new 
profiles with the corresponding stress distributions are given in 
Figs. 3 to 6. 

Taking into consideration the varied wheel proportions 
resulting from modern blade dimensions, an additional investi- 
gation was necessary. This consisted of a revision of the mathe- 
matical fundamentals of disk design and a check of their validity 
under the new conditions. The approximate theory of rotating 
disks, developed by Stodola and used in this paper as in all 
calculations in disk design throughout the technical literature, 
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is based upon the results obtained from the exact methods of 
the mathematical theory of elasticity. These results are ex- 
amined in Appendix No. 1. 

The stresses in a turbine disk are usually calculated for over- 
speed conditions. A natural question arising in design is that 
concerning the stresses in the disk due to the fit pressure when 
the wheel is at rest; the design having been calculated originally 
for overspeed conditions. This particular problem admits of a 
simple general solution, as will be shown, by reducing the condi- 
tions to those of a disk of constant thickness at rest, the behavior 
of which is known. In this way we easily find that the profile 
curve has practically no influence on the stress distribution 
under static conditions; the tangential as well as the radial 
stresses at the bore being about 60 and 40 per cent, respectively, 
of the tangential stress at the bore in overspeed conditions. 
This result was checked on a system of disks of the ‘‘first exponen- 
tial profile’ and graphically represented by the curves 'n Fig. 8. 
These curves show the change in the radial and the tangential 
stresses at the bore corresponding to variations in the ratio of 
the disk thickness at the bore to that at the rim, under static 
conditions. 

The discussion treating with the stress distribution in a disk 
at rest is completed by some general remarks concerning the 
problem of the stress variation with varying speed. This is 
in the interest of a better understanding of the elastic behavior 
of the disk under various conditions occurring in practical 
service. 

The last section of this contribution deals with the influence 
of a hub relief, such as shown in Fig. 9, upon the stress distribu- 
tion in the disk. The solution of this additional problem is 
graphically represented in Figs. 9 to 14 and may be expressed 
briefly as follows. In overspeed conditions no change of any 
practical importance is caused by a hub relief. Under static 
conditions, the stresses within the disk are smaller than in a 
disk without hub relief. Immediately at the bore the stresses 
undergo a certain modification, too, but the strength, as defined 
by Mohr’s theory, is not affected. 


Tue First EXPONENTIAL PROFILE 


Consider the differential equation of rotating disks in the 
form [37],? 


du ldy 1\4 ydy 1\u  po(l—v?) 
oh ee r at E 


wherein E is Young’s modulus of elasticity; », Poisson’s ratio; 
«, the angular velocity of the rotating disk given by the formula 
300 = mn, n being the number of revolutions per minute; u, the 
specific mass of the disk material; r, the radius; 2y, the thick- 
ness of the disk; and wu the radial displacement. The coefficients 
of the differential equation, namely 

pos?(1 — ?) 


d Vel 
Der eee ae 
E y dr eh Gp 


2 See Appendix No. 2. 


= (0: 
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being free of the function u, which is to be determined, a new 
profile y = f(r) shall be introduced in using the following pro- 
cedure suggested by elementary methods of integration of linear 
differential equations.® 

By integrating the differential equation, term by term, ac- 
cording to the rules of partial integration we obtain 


few ate fener ++ Pat yudr (Pi — Pa iatet = 0 


where P,’ = dP,/dr, and so on. Hence the order of Equation 
[37] is lowered if Pp — Pi’ + P2” = 0, or 


aa) cae) 
dr \y drJ or \y ar 


This is a differential equation for the profile function y. Its 
solution is 


i= ob ae ANG Aa Ree {1] 


where a and — are the two constants of integration. Only 
positive values of the constant 6 will be considered in studying 
the first exponential profile, for reasons which will be indicated. 

For the profile [1] the original differential Equation [37] 
assumes the form 


Pou! + (Pi — P2')u + fre =0 
or 
du a 1— (1 sis Ey zs ald Saati dd 


P= Gh 
dr ip 2E 


C being an arbitrary constant of integration. 
In considering the reduced equation 
du 1—(1 nage 
Dh h ce Asta) BE Tata ls ites 
dr va 
and putting temporarily C = 0 we find one of the two integrals 
of the reduced Equation [37]. This first integral is easily 
found to be 


D being again a constant of integration. 

The particular integral corresponding to the term with w? in 
original Equation [37] can now be determined by variation of 
the constant D occurring in the last integral. If » is assumed 
to be equal to 1/3, the particular integral appears in a finite 
form, namely 


Sa ea + 
ol ont Gam t Gap fee 


In using Equations [86] we find the corresponding expressions 
for the stresses. The last integral corresponding to the constant 
C, omitted before, can be determined as follows. 

Consider the homogeneous differential equation 


dor 1 dy \ do; 1 dy 
rhe 3 ao! fecome — pie 
A lp? +r +11) dr +[e+o} dr 


ad [ld 
rZ (2 a) | r= OVER. [4] 


German edition, Braun- 


3 A. Forsyth, ‘Differential Equations,” 
schweig, 1912, p. 101. 

4 See Appendix No. 2. 

5A. R. Forsyth, ‘Differential 
Braunschweig, 1912, p. 573°" 


Equations,’’ German edition, 
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corresponding to the differential Equation [42], for the stress 
or.6 We may restrict ourselves to the consideration of the 
homogeneous equation, because the particular integral corre- 
sponding to w? is determined by [8]. 

By introducing our new profile {1] into Equation [4] and in 
using z = 6r‘/* as a new independent variable, we have, because 
of 


the differential equation 


d? d r 
s wt +G = 1. (1042) = —2zor = 0........ [5] 


instead of Equation [4]. 

By following the method indicated by theory,® we find that 
the last integral can be represented by an infinite series of the 
form 


Q + az + ae? + asz?+... 


Furthermore it is known from the teachings of the theory of 
functions of a complex variable, that the domain of convergency 
of this series is determined by that point (singular point) nearest 
to z = 0, for which the coefficient of d?c,r/dz? in [5] vanishes. 
This coefficient being 2?, the radius of convergency will be equal 
to ; the Series [6] will converge for any finite value of z = 
gr‘/*, Indeed, by introducing Series [6] into Equation [5] we 
find 

An 1 


An-1 


This shows that our Series [6] converges faster than that for 
the exponential function e’, the ratio adn/an-1 in the latter 
case being equal to 


Qn-1 n 


As the series for e* converges in the entire complex plane, our 
Series [6] converges even faster. From [7] we obtain by intro- 


Gucingy77— UD Nona a ern, 
41 4-61 124562811 
OS nea ue Tima DUP ESS , 3 ; 
5 1! 5°72! 7 57-93! 
a= = -6°8: Ca 
Pe ey enh eet 
where 
=1:-2-3-4-.. 


Correspondingly, the third integral for or appears in the form 


42 4:62?  4:6:82% | 4-6-8-10 24 

PPR ir 20 ce ay Se Re Or AN itt AU > 

v2) = Tea earl oar esl es ue. 
ae FAIS 


In substituting this series into Equation [85] we find the expres- 


sion 
. 2n(2n + 2) E 2 om | 2” 
5-7. yoy (2n + 3) 38n+1]n! 
as the general term of the series representing the third integral’ 
for ot, which is, accordingly, given by 


® See Appendix No. 2. 


@) -14422 4502 
YO at Boule 687 9 


FL an (9] 
hy Bare Oell to al i 

By introducing the Integrals (2] and [3] for the displacement 
u in Equations [36] we find the corresponding integrals for 
the stresses o; and o, and in using those integrals as well as 
expressions [8] and [9] we obtain the complete solution in the 


, form 


Ar*f(z) + Kei(z) + Les(z) 
ot = Ar’g(z) + Ky(z) + Ly2(z) 


Or 


where K and L are arbitrary constants to be determined from 
the boundary conditions, while A is given by 
1 
Ae 
joe) 


u» being the mass density and w the angular velocity, and 


9 6 6 Tae OF 6 

Sane Tita iA g(2) => it Ge 

‘ ,z2—1 , 2/82 +1 
gi(z) =e Rah vi(z) =e a 


the profile curve being given by formula [1 ik 

The functions f(z), g(z), ¢:(2), ¢2(2), ¥i(2), ¥2(z) can be calcu- 
lated once for all and put together into a ‘“‘standard table” to 
be used in practical design. Such a “standard table” is given 
in the next section and is followed by a detailed example of disk 
calculations. 


GENERAL PRocEDURE IN DesiGnine DISKS OF THE FIRst 
EXPONENTIAL PROFILE 


The results of the foregoing section can be summarized as 
follows: For a disk of the profile 


= FYE 
y = ae bats 


the radial stress o, and the tangential stress o: can be represented 
by the formulas 


or = Ar*f(z) + Keilz) + Lele); o = Ar’g(z) 


+ Ky(z) + Ly2(2)....-..- {12] 
where 
Pee Bye SMR asco nae ae ot {13] 
2.303 h 
= Fhe o/s lo 10 (*) p) meieledeiis ie iis! aie tt {14] 


where » = mass density and w = angular velocity, K and L 
being constants determined by two conditions concerning the 
boundary stresses (see operation 4). The functions f(z), g(2), 
¢i(z), 42(2), ¥i(2),*W2(z) finally follow from the “standard table.” 

The general procedure will consist of the following operations 
(see Fig. 1): 

(1) From the values of ro, a and he, which usually are given 
in practical design, and ho, which has to be assumed and varied, 
the constant 8 is to be calculated according to [14]. 

(2) With the constant 6 the values of z at the bore and at 
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the rim are to be calculated from [13], i-e., 20 = Bro/*, za = Ba‘/*. 

(3) For these two values of z the corresponding values of the 
functions f(z), g(z), ¢1(2), ¢2(z), vilz), ¥2(2) are to be taken from 
the “standard table” and introduced into formulas [12]. 

(4) From the two boundary conditions, of = 0 (or or = — Poy 
where po is a comparatively small amount; see example in the 
following section) at the bore (r = 1), and or = ara, where ora 
is a given amount following from the centrifugal forces of the 
blading for r = a, Equations [12] yield the corresponding 
values of the constants K and L. 

(5) With these values of the constants K and L the stresses 
co, and o: can be calculated easily for any point z by using Equa- 
tions [12] and the “standard table.” 


e 


Zo 4025 50° 


Figs. 1 anp 2 


Further practical rules are given in the next section which 
covers a detailed example of disk design. 

Finally it should be noted that, for practical purposes, it is 
of some advantage to introduce r? = z/1g—/ into the terms 
Ar*f(z) and Ar?g(z) in Equations [12]. These terms then appear 
in the form AS—/?F(z) and AB—*/G(z), respectively, where 
F and G are functions of z only. The stresses, [12], then are 
independent of 7, being functions of z, of 6 determined by [14], 
and of the constants K and L (boundary conditions). 


PracticaL EXAMPLE oF Disk DusigN—First EXPONENTIAL 
PROFILE 


We present now, following the general scheme given in the 
last section, a practical example of disk design which involves 
solving a problem characterized by the following data: 

A disk is to be calculated for 7) = 6.75 in., a = 18.76 in., 
the width at the rim, determined by the dimensions of the 
blading, being b = 2ha = 4 in., while the working speed is 
n = 3600 rpm and the pull exerted by the centrifugal forces 
of the blading at 20 per cent overspeed is of = 13,000 lb per 
sq in. for7r = a. 
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STANDARD TABLE FOR DISKS OF THE FIRST EXPONENTIAL 
PROFILE 


z f(z) 9(z) 
0 —o © 
0.01 —5939100.0000 6100700.0000 
0.02 — 728550.0000 775350.0000 
0.03 — 215255.5555 223566.6666 
0.04 — 89775.0000 100235.0000 
0.05 — 45420.0000 52140. 0000 
0.06 — 25961.1111 30671.1111 
0.07 — 16139.6426 19647 .5199 
0.08 — 10668.7500 13368.7500 
0.09 — 7389.7119 9542 .7982 
0.10 — 6310.0000 7070.0000 
0.11 — 3930.2012 5497 .9696 
0.12 — 2980.5555 4225 .0000 
0.13 — 2306.7290 3376 .5495 
0.14 — 1816.1832 2746.7961 
0.15 — 1451.1135 2268.8915 
0.16 — 1174.2186 1899. 2186 
0.17 — 960.6935 1608, 4434 
0.18 — 793.6180 1376 .3327 
0219 — 661.1848 1188 .6070 
0.20 — 555.0000 1035.0000 
Ost — 469.1427 907 . 9636 
0.22 — 398.6078 801.9126 
0.23) — 340.5840 712.6055 
0.24 — 292.3549 636.7936 
0.25 — 252.0000 572.0000 
026 — 218.0009 516.2246 
0.27 — 189.4683 468.2058 
0.28 — 164.6505 425.8751 
0.29 — 143 .6336 389.0549 
0.30 — 125.5551 356.6661 
0531. — 109.9346 328.0398 
0.32 — 96.3863 302.6362 
0.33 — 84.5894 279.9977 
0.34 — 74.1617 259.6280 
0.35 — 65.2436 241.5737 
0.36 — 57.3038 225.2043 
0.37 — 50.3008 210.4173 
0.38 — 44.1100 197.0166 
0.39 — 38.6229 184, 8422 
0.40 — 33.7500 173.7500 
0.41 — 29.4099 163.6137 
0.42 — 25.5424 154.3402 
0.43 — 22.0848 145.8272 
0.44 — 18.9890 137.9965 
0.45 — 16.2139 130.7818 
0.46 — 13.7213 124.1178 
0.47 — 11.4797 117.9529 
0.48 — 9.4616 112.2390 
0.49 — 7.6420 106. 9335 
0.50 — 6.0000 102.0000 
0.51 — 4.5162 97.4031 
0.52 — 3.1745 93.1146 
0.53 — 1.9606 89.1087 
0.54 — 0.8611 85.3600 
0.55 + 0.1353 81.8481 
0.56 1.0388 78.5528 
0.57 1, 8582 75.4575 
0.58 2.6016 72.5473 
0.59 3.2765 69.8056 
0.60 3.8888 67.2225 
0.61 4.4419 64.7836 
0.62 4.9496 62.4800 
0.63 5.4074 60.2517 
0.64 5.8228 58.2398 
0.65 6.1994 56.2857 
0.66 6.5407 54.4327 
0.67 6.8496 52.6740 
0.68 7.1292 51.0019 
0.69 7.3836 49.4088 
0.70 7.6094 47.9007 
0.75 8.4445 41.3331 
0.80 8.9062 36.0938 
0.85 9.1227 31.8461 
0.90 9.1769 28.3539 
0.95 9.1237 25.4468 
1.00 9.0000 23.0000 
1.05 8.8306 20.9200 
1.10 8.6326 19.1359 
1.15 8.4178 17.5937 
1.20 8.1944 16.2499 
1.25 7.9680 15.0720 
1.30 7.7424 14.0327 
1.35 7.5202 13.1108 
1.40 7.3032 12.2888 
1.45 7.092 11.5520 
1.50 6.8889 10.8890 
1.55 6.6926 10.2896 
1.60 6.5039 9.7461 
1.70 6.1490 8.7993 
1.80 5.8231 8.0042 
1.90 5.5241 7.3291 
2.00 5.2500 6.7500 
2.10 4.9983 6.2488 
2.20 4.7671 5.8113 
2.30 4.5541 5.4269 
2.40 4.3576 5.0867 
2.50 4.1760 4.7840 
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Teh i er mimi OS I) th tae ho 


ie fo 9 


pet Ia a 


+ 


NRODHDNNA ATT RP RWW WWNNNNNHEE HERR OOOO coooooooo oO 


gi(z) 


— 7 


Ree 


- 8500 
- 2690 
-4090 
.6920 
-6203 
.5790 
- 8007 
. 2156 
- 2304 
- 9587 


- 8659 
-6139 
- 9790 
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- 4686 
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0529 
1935 


4356 
7623 


y(2) 
eo 
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¥2(z2) 
0000 
0054 
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.0162 
.0216 
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.0439 
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In using our ‘first exponential profile’ [1] we find, ac- 
cording to operation 1 of the scheme, given in the last 
section, 


2.303 2ho 2ho 
B= 18.757? — 6.7578 logio (=) = 0.062 logio (%) 


By varying the ratio 2ho/4 within the limits 2 and 3, 
respectively, we obtain the corresponding values of 8 
and, according to operation 2 of the scheme, those of zo 
= Bro/ 2 Aa = ga‘/* from the following table: 


TABLE 1 
2ho/4.0 B 20 2a 
2.0 0.0187 0.238 0.930 
2.5 0.0247 0.315 1.230 
3.0 0.0296 0.378 1.475 


Now we introduce the boundary conditions accord- 
ing to operations 3 and 4 of the scheme. We first re- 
quire that, at the overspeed mo = 1.2 X 3600 = 4320 rpm, 
the pressure between the shaft and the disk should disap- 
pear, that is, the radial stress ¢r must be equal to zero at 
the bore (r = ro) for no = 4320 rpm, while at the rim 
(r = a) the disk is affected by a radial stress cr = 13,000 
lb per sq in., as indicated above. The stresses are given 
by formulas [12], wherein the constant A is 


1 1 Pa 
A = — po? = — é 10-4 | 4 —}) =412; 
Tea eres TBS 5% ( 320 Xx =) 5 


From the boundary conditions 


oro = 12.5 X 6.75°f (20) + Kei(zo) + Le2(Zo) = 0 
for 7 = 79, = 6: (on: 
Ora = 12.5 X 18.75?f (za) + Keilza) + Le2(za) = 13,000 
LOL T= — al Sacomns 
we find 
pgs een 
® @ 
where 
gilZe) ¢2(Zo) 
= ™| = gi(Zo) X ¢2(Ze) — gilze) X ¢e2(Zo) 
gi(Ze) ¢2(Za) 
Zo g2(Zo) 
bx = tty eeu oe) =a OX eee) 
Za ¢2(Za) 
gilzo) Zo 
Le = ea ee = ilo) X Za — giles) X Zo 
and 


Zo = —569f(zo) Za = 13,000 — 4395f(ze) 


In using our “standard table” we find by interpolation the 
values which are tabulated in Table 2. (See page 589.) 

Correspondingly we will have from our Formula [12], 
the following approximate values: 


TABLE 3 
No. 2ho/4.0 cto (Ib/in.?) 
1 2.0 59,000 
2 2.5 52,500 
3 3.0 49,500 


As a result of our preliminary calculations, we obtain the 
curve shown in Fig. 2, representing the tangential stress 
oto at the bore as a function of the ratio ho/ha = 2ho/4.0 
for given constant values of c, = 0 at the bore (r = 1) 
and o, = 13,000 lb per sq in. at the rim (r = a), re- 


spe A en ee ae 


| 
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an . =) Ls ames : ' Belts 0 Ps Correspondingly, with or. = —500 lb per sq in. 

ee Ee EO EN a de Be a gi(za) 2(za) g(z0) yalzo) v2(2) for r = ro at the overspeed, Zo = —500 + 12.5 

0.238 —300 171,000 —5.75 1.22 0.930 9.15 —27,200 2.43 2. 50 12. : Pee : 

0.315 —108 61,500 —2.85 1.30 1.230 8.05 —22'400 3 65 577 333 1°38 119 < 6.502 X 125.56 = 65,900 instead of Z = 

0378 — 46 25'900 —1.55 1.36 1.475 7.00 —17,800 4.75 3.40 200 7.85 1.24 §1,500in Table 2; Za = 13,000 — 12.5 X 18.94? 
’ y ti ’ A p 


)spectively. For 2ho/4.0 = 1 the ordinate is calculated from the 
known formulas for the disk of constant thickness inasmuch 
as the use of those for our exponential profile requires, in this 
special case, a complicated passage to the limit 6 —~> 0. 

Even by the approximate result represented by Fig. 2 the 

\ conclusion is justified, that the rate of the decrease in the amount 


» of the tangential stress at the bore is getting smaller and smaller 


with the increase in the value of the ratio ho/he. ‘This result 
ean be assumed to be of general character although it is ob- 
tained here for a special case. 

From the diagram Fig. 2 we have now to decide upon the 
value of ho/ha = 2ho/4.0 on the basis of the maximum admissible 


value of cm. The question of the maximum admissible working 


_ Stress at the bore in overspeed conditions will not be discussed 
here generally. For our example we consider ow = 52,500 lb 
per sq in. as a permissible amount for the tangential stress at 


') the bore for 20 per cent overspeed, corresponding to the value 


ho/ha = 2.5. Then we will have 
B = 0.0247 
\ from Table 1, giving a profile curve represented by 
y = ae? z = 0.0247r'/* 0.315 <z < 1.230 


The constant a is given by 


ZX 4e1-280 = 6.842 


according to the same table. 


a = Yr=a 1-230 


Now we use again our “standard table” of the first exponential 
profile and obtain the following table: 


TABLE 4 
zy (in.) 7 (in.) f() g(z) elz) yr(z) gaz) ¥2@) 
0.30 5.07 6.50 —125.555 356.666 —3.286 9.858 1.274 1.179 
0.60 3.76 10.94 3.889 67.223 0.784 5.489 1.629 1.401 
0.90 2.78 14.83 9.177 28.354 2.305 4.609 2.090 1.680 
TES) WORIS Meee 8.633 19.136 3.125 4.514 2.472 1.904 
1.25 1.96 18.94 7.968 15.072 3.746 4.579 2.807 2.097 
Instead of the given limiting radii ro = 6.75 in. and a = 18.75 


in., we introduced in this table boundary values of r approxi- 
mately equal to ro and a, respectively, which in our “standard 
table” correspond to tabulated values of z and its functions 
f(z), g(z), vi(z), o2(z), vi(2), y2(z). The reasons for this pro- 
cedure are as follows. 

In using interpolations as indicated above, we multiply by 


\ large numbers the errors introduced by these interpolations in 


‘the course of our calculations. Considerable inaccuracy can 
be caused hereby in the results. It is much better, therefore, 
to proceed in the way shown in our Table 4, namely, to use 
numbers tabulated in the “‘standard table” without interpola- 
tions. Naturally, some deviations will be caused by the fact 
that, in the special example treated, the boundary conditions 
actually refer to 2 0.315 and Za 1.230, according to the 
Tables 1 and 2, and not to z) = 0.30 and ze = 1.25, according 
to Table 4. But these deviations will be smaller generally 
than the errors produced by interpolations. And, besides, 


these deviations due to inaccuracy in fulfilling the boundary 
conditions are of -negligible order, because in practical cases 


those boundary values cannot be stated very accurately anyway. 


In using Table 4, with the approximate values of 2 and Za as 


given by the first and the last lines of that table, respectively, 
we find that 


ro = 6.50 in. a = 18.94 in. 


X 7.968 = —22,750 instead of Za — 22,400 


in Table 2. Therefore 


—3.286 1.2738 
@ = = —13.99 
3.746 2.8065 
65,900 1.2738 
®x = = 213,900; K = —15,280 
—22,750 2.8065 
—3.286 65,900 
Oz = = —172,000; L = 12,300 
3.746 —22,750 


With these values of K and L we obtain from Table 4 the following 


a=/8.75 in. 
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stress distribution in using the stress Formulas [12], according 
to operation 5 of the scheme given in the last section: 


TABLE 5 
r (in.) y (in.) oy (Ib/in.?) ot (1b/in.?) 
6.50 5.07 —500 52,400 
10.94 3.76 13,850 34,200 
14.83 2.78 15,700 28,200 
17.21 2.28 14,600 25,200 
18.94 1.96 13,000 23,400 


The profile curve as given by the first two columns of this table 
is represented by Fig. 3. The stress distribution according to 
the third and the fourth columns of Table 5 is shown in Fig. 4. 

According to the general conclusions drawn in Appendix No. 1 
the maximum tangential stress at the bore will be about 5 per 
cent larger than the average amount given in our Table 5. 
The maximum stress, therefore, in our example will be about 
55,000 Ib per sq in. 

As to the profile curve, it does not differ appreciably from a 
straight line. This, obviously, will be still more nearly the 
case for disks with a ratio ho/he < 2.5, the radial dimensions 
being of the same order as in the example treated. 


Tue SEconD EXPONENTIAL PROFILE 


If the foregoing method of developing the first exponential 
profile be applied to Equation [41],”7 a new solution is obtained 


7 See Appendix No. 2. 
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characterized by a profile curve for which 
2 = Br! * © (BS O)aescd. 2 [15] 


and which may be designated as the ‘‘second exponential pro- 


y = ae 


file.’ The stresses are, with » = 1/8, given by the expressions 
3A e* 
or = — + B= (6 + 62— 22’) 
Zz z 
+ (60 + 452 1824) [16] 
ary ges avo as 
A Zz 
o =—— B42) +B (6—2%—2) 
z Ze 
+ 60 + 352 + 1224) [17] 
1263 Z 22) asin 7 


where A and B are the two arbitrary constants of integration, 
while 8 is determined by the ratio ho/ha; ho and ha being again 


a=/8.75 in. Se 
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the values of y at the bore (r = 70) and at the rim (r = a), re- 
spectively. 

This solution is remarkable for the fact that both of the 
stresses as well as the profile are given by finite expressions; 
as to the exponential function e’, occurring in those expressions, 
it is tabulated very extensively. Therefore the formulas of 
the “second exponential profile’ can be used for steep profile 
curves as well; that is, for curves characterized by large values 
of 8. This is of some practical advantage for calculation of the 
disk part connecting the wheel with the rim. For such a part 
6 has a large negative value, in either of both profiles, and the 
formulas of the ‘first exponential profile’ cannot be used, be- 
cause in the vicinity of such 8 values the series occurring in the 
stress expressions converge very slowly. Formulas [16] and 
[17] are, of course, free of such objections. This explains why 
positive values of (—8) were not considered in our Formulas 
[1], [10], and [11]. It must be remarked, however, that the 
stress formulas are the less accurate, the steeper the profile 
curve becomes. 

By tabulating the functions 


f(z) = 60 + 452 + 182?; 


eZ) = g: ¢2(z) =< 


‘ (—6 + 62 — 32?) 
Zz 
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3 + 22. 


’ 


g(z) = 60 + 352 + 122?; 


vn (z) a ag 


23 
e 
¥2(z) = —(6 — 22 — 2’) 
Z 


all calculations can be accomplished in the manner outlined for 
the “first exponential profile.” 


CoMPARISON OF THE Two PROFILES 


It is, of course, of practical interest to compare the two ex- 
ponential profiles. Suppose 


= Ber 3 


—fir'/s 
1é yu = ame 


yI = a and 


are the profile curves joining the point r = ro, y = yo with the 
point r =a, y = ya. Then we will have 


—pia‘/s he 


4 
—Biro /s 
are and are 


—fory?/8 = 41.43/38 
16 ‘Boro ne B2a 


= a 
From these two equations we find 


pie HE et Oa 

This equation shows that yr is always smaller than y1, provided 
that at the boundaries (r = ro and r = a) yr and yr are, respec- 
tively, equal to each other. The profile curve y: has a hori- 
zontal, and the profile curve yu a vertical tangent at the point 
r = 0 (see Fig. 5). 


PracTicaAL EXAMPLE OF Disk DrEsigN—SrEconD EXPONENTIAL 
PROFILE 


As an example we treat here the same problem, as in the last 
section, in using our “second exponential profile.’ The pro- 
cedure is essentially the same as indicated in the scheme given 
above for the “first exponential profile’ and we find, for ho/ha 
= Pa 


2.303 


= Ta7Eis — ogi Bw 2-5 = 0.263 


8 


We introduce the values z) = 0.93; ze = 1.86 into our further 
ealculations, according to the practical rules given in the last 


section. By substituting 
or = —250 lb per sq in. for z = 2 = 0.93 
or = 18,200 lb per sq in. for z = ze = 1.86 
we find from Equations [16] and [17] 


A = 53,200 and B = 29,400 


With these values of the constants A and B and with that of 6 
the following table is obtained by using some intermediate 
values of 2: 


TABLE 6 
2 or (Ib/in.?) ot (Ib/in.?) r (in.) y (in.) 
0.93 —250 53,000 6.65 5.07 
1.00 4,650 47,400 7.42 4.75 
1.25 13,700 36,300 10.37 3.68 
1.50 17,000 30,800 13.60 2.87 
1.75 14,800 26,600 17.15 2.23 
als 13,200 24,500 18.85 2.00 


The profile and the stress distribution according to this table 
are shown in Figs. 5 and 6, respectively. For a comparison with 
the results obtained above for the “first exponential profile” 
(see the first example) the profile curve and the stress distribu- 
tion, represented by Figs. 3 and 4, respectively, are shown dotted 
in Figs. 5 and 6. 

A “standard table” for the ‘second exponential profile” will 
be available later. 


Srressps Dur To Fir PressuRE—ELASTIC RESISTANCE WitTH 
VARYING SPEED 


The boundary conditions for the problem of stresses (pr, pt) 
in a disk due to fit pressure in resting conditions are® 
pi— pr = owforr =7o and pr = Oforr =a 
where ow is the tangential stress at the bore for w = wo (over- 
speed). With these boundary conditions the problem is to be 
confined to special profiles. It is, however, possible to draw 
igeneral conclusions from the following consideration. 

For a disk of constant thickness the general solution for stresses 
due to fit pressure under static conditions is given by the for- 
mulas? 


C C 
—24C3 mas 


r ie 


(C, = const. and C, = const.) 


By introducing the boundary conditions given above, we find 


jo = dee(*) [Yj mdm) HON 


where 2r, and 2a are the bore and the rim diameter, respectively. 
‘The stress distribution given by [18] is shown graphically in 
Fig. 7. The formulas [18] together with Fig. 7 admit of a 
simple interpretation. As soon as the ratio a/ry exceeds a cer- 
tain value, say a/ro 2 3, the stress distribution according to 
the curves p, and p: in Fig. 7 does not vary essentially with 
varying a. The maximum values of pr and p: always take 
place at the bore, and these maximum values are always about 
40 to 60 per cent respectively of the maximum tangential stress 
ci at the bore under overspeed conditions. In other words, 
only the parts of the disk in the vicinity of the bore are essen- 
tially carrying the fit loading under static conditions, an increase 
of the outer radius a being of little influence on the functions 
{18].2° 

This result can be easily generalized for disks of other profiles. 
We have only to realize that the disk of constant thickness 
investigated above can be subdivided into several separate rings; 
the larger the diameter of any of them, the less its influence on 
the stress distribution of the whole disk under static conditions, 
as shown above, and the less, consequently, the stress variations 
in the disk due to the reduced thickness of that ring as compared 
with the original thickness of the parallel sided disk. This means 
that the statement developed above for disks of constant thick- 
ness is qualitatively and, with a certain approximation, also 
quantitatively true for disks of any profile. 

This general result shall be checked now in calculating, for a 
special disk, the stresses pr and pr due to fit pressure under 
static conditions. The question may be treated on a somewhat 
more general basis by considering the disk as rotating with 
varying speeds. This is useful for a better understanding of 
the elastic behavior of the disk in various conditions of the 
actual service. 

Having the general solution for rotating disks in the form 


or = Awth(r) + Lfi(r) + Mgi(r) 
Aw*h:(r) + Lfo(r) + Mg2(r) 


where A is a certain constant determined by the profile, while 


Ct 


8 See Appendix No. 2. 

® A. Stodola, ‘Steam Turbines,”’ sec. 76, Eq. 22, with w = 0 and 
A= 0. 

10 Cf, A. Foeppl, Festigkeitslehre, Sect. 56 (“Dickwandige Roeh- 
ren’’). 
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L and M are arbitrary constants of integration and fi(r), fo(r), 
g(r), g2(r), hi(r), he(r) are the integral functions for the profile 
considered, the boundary conditions are to be stated from which 
the constants L and M should follow as functions of the speed w. 

Designate by pr(w) and p(w) the disk stresses as functions 
of w. They usually are calculated for the overspeed: = wo 
and appear then as functions of 7, so that, with our former 
designations, 


pr(wo) = or and pi(wo) = ot 


The boundary conditions for 0, and o: are, as we know, 
or = O for r = 7 


tat the overspeed w = wo 
or = oaforr =a 


Fies. 7 anpD 8 


where ro and a are the radii of the bore and the rim respectively. 
while oa designates the radial tension at the rim exerted by the 
centrifugal forces of the blading at the overspeed. These 
boundary conditions for o, result in a corresponding value of 
o: at the bore, equal to om, and from the values of oro and oi 
at the bore, for w = wo, the boundary conditions [43] and [44] 
for Dr = Drw = 0) and pe = pilw = 0) under static conditions 
are obtained, as shown in Appendix No. 2. Now, by using the 
same manner of reasoning we find the condition 


pt(w) — pr(w) — : (1 —v)pw're? = K (for r = 10) 


where K is a constant independent of the speed w, to be true 
for any speed w. This condition can be written, with close 
approximation, in the form’ 


p(w) — pr(w) = const. = ot (for r = 7o)-.-.+- (19] 


11 See Appendix No. 2. 
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where ow is the tangential stress at the bore (r = ro) for w = wo 
(overspeed). At the outer boundary, r = a, we will have 


2 


plo)@oa) = oa (for? =4).........: [20] 
Ww 


where oa is the value indicated above. The boundary condi- 
tions [19] and [20] are to be introduced into 


Awh(r) + Lfi(r) + ea 
Awh:(r) + Lfe(r) + MQ2(r) 
from which we obtain 
oo = Aw? [h2(r0) — hy(ro) | -F L{fo(ro) — filro)] 
+ Migs(ra) —a0°0) io, 


ga — = Aw*h(a) + Lila) + Mga) 


wo 


Pr(w) 
p(w) 


ll 


[) 


These are two equations for the two constants L and M. These 
constants of integration, therefore, appear as functions of the 
speed w and in consequence the problem of stress distribution in 
terms of the speed is solved. 

For the disk of constant thickness, for instance, we have 


1 
eon me 


5 Ine) = (38 + »)r?; 


ha(r) = (1 + 8)r?; 
fir) = frlr) = 1; 
1 1 
ney =>] 2) =, 
Correspondingly, the equations!” for L and M are 


2 
ow = 4 (1—»)po*re? + — M = eee 
0 0 


2 
w Maid yay 8 


2 8 a? 


and the constants of integration are 
2 
w? 34+ Tr 
= Uae pora? +4 (= ) ov 
8 a 


So we finally have for the disk of constant thickness 


38+7 
8 


1 * 
M SS} T0103 L 


2 
po? (a? r?) + i 2 1 L | il 
2 To oto Ca 
a? r2 2 


wo 


Pr(w) = 
1 
p(w) = 3 Hl + v)a? — (1 + 3y)r?] 


1 1 1 ow 
+ 3 70°10 é aif s] ae Ley 
a Tr a0 
representing the stresses for any speed between » = 0 and 
«® = wo, provided that oi and ca are the tangential stress at the 
bore and the radial stress at the rim, respectively, at the over- 
speed. If w= 0 is substituted, the solution as developed above 
applies to stresses due to fit pressure under static conditions. 
Referring to the general Equations [21] for pr (w) and pr(w) 
and Equations [22] for the constants L and M as functions of 
the speed w for any profile, it is easily seen that both stresses 
always can be represented in the form 


Fi(r) + w?F2(r) 


where F,(r) and F.(r) are certain functions of r. In other 
words, the stresses vary proportionally to w*, the proportionality 
factor being a function of r. 

~ 12 See Appendix No. 2.** 
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If we substitute » = 0 in the general Equations [22] and 
calculate the corresponding values of Z and M, the following 
expressions for the stresses due to fit pressure under static 
conditions are obtained from [21]: 


p-(0) = orolgi(a)fi(r) — fila)g(r) ] 
g:(a) [fo(ro) — f(r) ] — fi(@) [g2(r0) — gi(ro)] (23) 
rials cralgn(a)folr) — fila)gatr)] j 
gi(a) [fo(r0) — filtro) ] — fila) [g2(ro) — gi(ro) ] 


According to the general statement developed above these 
stresses must reach amounts of about 


pro(0) = ~ — 0.40et0 pio(0) = ~ 0.60c%0 


respectively, at the bore, for any profile, if @ 2 370. By substi- 


tuting r = ro into [23] we find 


pro(0) = owolgr(a)fi(ro) — fi(a)gi(ro) | 
0 gi(a) [fo(ro) — filro)] — fi(a) [go(r0) =—a gi(ro) J we 
pro(0) = ov0(gi(a)fo(ro) — fi(a)g2(ro) | \ 
g1(a) [f2(r0) — falro)] — fila) lga(ra) — gu(ro) 


These formulas shall be applied to our “‘first exponential profile” 
pr t/a 
€ 


y=a 
for a special example. Consider a disk with a = 21 in., mo = 
7 in., while the ratio yo/ye may vary between 1 and 3. For 
yo/ya = 1 the formulas for disks of constant thickness are to 
be used. Generally we will have 


With the given values of a and ro we find the values of z and 
Za according to the formulas 


2 = Bro! ? Za = pa‘/ . 


and then, by using the “‘standard table,” with the symbols ¢1, 
¢, v1, and y»2, occurring in that table, the corresponding values 
of fi, fo, gi, and gz are obtained as follows: 


TABLE 7 
yo/ya z fA =e fh="y mn=¢e gz = yn 
2.0 2 = 0.208 —7.5 14.6 1.19 1.12 
a za = 0.902 2.3 4.6 2.10 1.69 
3.0 ie = 0.330 —2.5 9.0 L3L 1.20 
2 za = 1.430 4.5 4.3 3.28 2.36 


By substituting these values in Formulas [24] we find the ratios 
pro(0)/o and pio(0)/cw for the exponential profile with yo/ya 
= 2 and y/ye = 3, respectively. For the disk of constant 
thickness the aforementioned ratios are to be found from the 
Formulas [18]. The results obtained in this way are set forth 
in the following table: 


TABLE 8 
yo/ya pro (0)/cto pto (0)/at 
1 —0.444 0.556 
2 —0.397 0.603 
3 —0.369 0.631 


These results are graphically represented in Fig. 8. From these 
it is evident that, even for m/a = 1/3, the stresses due to fit 
pressure under static conditions do not depend essentially on 
the form of the disk; which is in full accordance with the state- 
ment developed above. The quantitative agreement with the 
result yielded by the general consideration is very satisfactory. 
An important result is expressed, furthermore, by Equation 
[19]in its original physical meaning. The strength of an elastic 


a 


body is characterized, according to the well-known theory of 
Otto Mohr, by the difference of the largest and the smallest of 
the three principal stresses. The axial stress oz, i.€., the principal 
stress along the axial direction, being approximately equal to 
-gero, the difference at the bore will be always equal to p: — Pr, 
‘because at the bore pro(w) = 0 and pw(w) > 0. According to 
Equation [19] this difference in stress values at the bore is 
always the same at any speed. Therefore, we have, with close 
approximation, the general result, that the strength of the disk 
jat the bore is always the same at any speed w within the limits 
0 Sw < wo. 


Disk Wits Hus REvier 


An instructive example for application of the results developed 
in the last section will be obtained by studying stress conditions 
' in disks with hub relief as shown in Fig. 9. 

First consider a disk designed without hub relief (Fig. 10). 
~ The corresponding stresses may be represented by Fig. 11, the 
\ boundary conditions being given, for w = wo, by the relations 


Or = Oro for r= 4 


for r 


Il 
a 


Or = Ga 


where oa is the tension due to the centrifugal forces of the 
) blading. Of course, the stress curves in Fig. 11 are also com- 
pletely determined, if the conditions [25] are replaced by 


or = oa for r=a 
\ PEs BL ©. ..(26] 


o: = ow for r=a 


In other words, the stress curves are completely determined if 
two conditions are to be fulfilled corresponding to the two con- 
stants of integration occurring in the general expressions for the 
stresses. 

Now consider the same disk with a hub relief according to 
Fig. 9. We require again the conditions covered by Equations 
[26] to be fulfilled. As these two relations determine the stress 
curves, we will have the same stress diagram (see Fig. 12) in 
the new conditions, as in Fig. 11, as long as the disk profile is 
the same, i.e., from r = a tor = 79 + A, where 7m + A is the 
radius corresponding to the point where or vanishes in Fig. 11. 
This restriction (the vanishing of or for r = 7 + A) will be 
removed below. 

As to the stresses in the disk, or rather ring, represented by 
the section ABCD, it is easy to see that the radial stress is 
equal to zero at the outer edge BC. Indeed, the radial stress 
being zero at the edge BE of the disk BGFE, the equilibrium 
requires that the same be the case along BC in the disk ABCD. 
The tangential stress along BC in the same small disk is deter- 
mined, as well known, by the condition that the tangential 
elongation « at the cylindrical section BC must be the same 
for both disks. This elongation being given by the formula 


the stress o: must be the same on both sides of BC, since or is 
the same on both sides. In other words, neither or nor o can 
jump at the outer edge BC of the disk ABCD. So both of the 
boundary values of or and o are known at the outer edge BC 
of the small disk, and the stresses are completely determined, 
therefore, for the part between r = ro and r = ro + A according 
to previous statements. Furthermore, these boundary values 
being the same in Fig. 9 (for the ring ABCD) and Fig. 10 (for 
the ring A’B’C’D’) the stresses within the part between r = ro 
and r = ro + A must be the same in both cases. Therefore 


APPLIED MECHANICS 


APM-56-8 593 


et || 
ee 


q 
ii 
Shot pepe 


Fies. 9 To 14 


the stress distribution for Fig. 12 is identical with that for Fig. 11. 

This result is developed on the basis that's, = Oforr =1%m+ A 
in Fig. 11, ie., that the depth of the hub relief is equal to the 
distance A at the end of which or vanishes in the disk without 
hub relief. If cr = 6forr = ro + A in Fig. 11, where 6 is a 
small amount, positive or negative, then or jumps in Fig. 12, 
and we will have 
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to the left of BC. The corresponding value of o follows from 
the jump 80 of o: according to our Equation [27]: 


Oa HIP 0 te ce Be Nokes ais. ws [29] 


As 8 is a small amount anyway, the stresses do not jump essen- 
tially at the section BC and the whole consideration above is 
practically not affected at all. This means that under rotating 
conditions no change in stress distribution is caused by the hub 
relief. 

Now consider both disks, with and that without hub relief, 
under static conditions. The stress distribution in the latter is 
represented by Fig. 13 in accordance with our previous con- 
siderations, and we know, that 


Pt — Pro = Fto —— Fro (for r = To) 


or approximately 


Ptc — Pro = Sto (for r= To) 


on being of negligible amount. The stress distribution in the 
disk with hub relief under static conditions is again determined 
by the boundary conditions given above. These are that at 
the outer edge we must have 


pr = 0 (for r = a) 


while at the bore (r = ro) the difference of both stresses p: and 
pr must be the same at any speed w. Therefore, under static 
conditions, this difference must be, with reference to Fig. 12 
pio — Pro = ot — oro = oto (for r = 70) 

and the question is, to determine, in an approximate way, the 
stress distribution satisfying the last two boundary conditions 
in the disk shown in Fig. 9. Starting with the outer edge 
r = ain Fig. 14 we state, that for the disk part BEFG (Fig. 9) 
the stress distribution is completely determined if we assume 
a certain value of p: for r = a, pr being equal to zero at that 
point. Assuming p: to be of the same amount s as in Fig. 13 
at the outer edge r = a, we find, of course, the same stress curves 
pr and p; in Fig. 14, as in Fig. 13, for ro + A Kr Ka. At the 
point r = ro + A the stresses o, and o: jump, Pcording to 
Equations [28] and [29], from the points S and T to the points 
P and Q, respectively. Since 


Saye 
according to [28] and [29], we will have 
PGs >S'T’ = Pto — Pro «++ eee reer eeeee (30] 


This shall be proved as follows. 

For ro + A > r > 1» the profile represents a disk of constant 
thickness in both Fig. 9 and Fig. 10. Therefore the general 
expressions for the stresses in both of them, for static conditions, 
are represented by the relations 


b 
pr(0) = bh —-, 
: 


b 

pr(0) = by + ize 

A 

From these formulas we find, for static conditions 


pd0) — pO) = — 


For r = ro this difference must be equal to S’7’”’ in the case of 
Fig. 10 and to P’Q’ in the case of Fig. 9; so we have 
2b 
S'T’ = pro(0) ark pro(O) acs 
To 


and 


P’Q’ = As 


To 


where c is an arbitrary constant of the same kind as b. There- 
fore, forr = 70 + A 


2b 
SU = 
(ro + A)? 

or 

Slate EO iy blot ST shuts 31] 

ST’ ~ (+ A)? PQ’ (ot A ST! PQ’: 
Now we have 

TQ >PS therefore PQ > ST 
and, according to [31] 
ee) > SOT 
which is nothing other than Equation [80]. 
We have found, therefore, that if, for ro + A <r < a, the 


stresses p: and pr in Fig. 14 are the same as in Fig. 13, the dif- 
ference of the stress values pio and pro at the bore, represented 
by P’Q’, will be larger than the same difference under rotating 
conditions as represented in Fig. 12. This being impossible, 
our assumption, according to which the stress curves are the 
same for 7 + A <r <a in both disks with and without hub 
relief in resting conditions, must be altered. In other words, 
for r = a the tangential stress must be less than s in Fig. 13. 
We then obtain stress curves p: and pr, determined by both 
boundary conditions for r = a. It is easily seen that the curves 
p and 7p, qualitatively correspond to each other physically. If 
the radial stress, which is compression, is diminishing from pr to 
pr (Fig. 14), the tangential stress, which is tension, must diminish 
from p: to p. At a certain definite decrease of both stress 
functions the state will be reached at which the previously 
mentioned stress difference at the bore will assume the required 
value, independent of the speed w. This means that by using 
a disk with hub relief, the stresses are the same under rotating 
conditions, as in a disk without hub relief, and they are smaller, 
throughout the disk except the hub, under static conditions, 
while at the bore they remain within permissible limits deter- 
mined by the relation pio — pro = const. at any speed w. 


Appendix No. 1 


Tue Propiem or Roratina Disks IN THE MATHEMATICAL 
Tuerory OF ELASTICITY 


The rigorous mathematical basis for the design of steam- 
turbine disk wheels consists in a solution of the following problem 
with boundary conditions. 

Consider the state of strain and stress in an isotropic elastic 
body of revolution rotating about its axis z-z with the angular 
velocity w. The displacement will be symmetrical about the 
same axis. The components of the displacement being wu in 
the radial and w in the axial direction, the conditions of elastic 
equilibrium are expressed by the differential equations'* 


13 A. B. H. Love, ‘“‘Mathematical Theory of Elasticity,” 4th ed., 
Cambridge, 1927, p. 146, and p. 104. 


. 
| 
. 
| 
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EQ —») 2 (2 u =) 

(1 + »)(1 — 2») Or le NN oy 
E fou ay f 
+g 3 (E-F)- 


Filo pat Wd (2 u =e [32] 
(2 o)(1 —'2) dz \'Or' Fz 
jhiapee (= 2) 
2(1 + v) or \ oz or 
E 1 (% ay 0 
Hes) rN Oe or) 

The boundary conditions express the fact that the lateral 
surfaces of the disk, represented by the equation y = f (r), 
where f(r) is a known function of 7, are free of stresses, 
- while the edges r = 7) and r = a (Fig. 15) can be affected 
, by given forces. In special problems the inner boundary 
surface can vanish (disk without bore). The stresses in 
the rotating disk are to be determined. 

In the form [32] the problem has been solved for a few 
special forms of the meridian curve (profile) only, par- 
ticularly for the cylinder’! and for the ellipsoid!® under 
certain boundary conditions.1® 

It is of practical interest and importance for compari- 
son with the procedure used in technical applications as 
reproduced below to know the results yielded by the 
methods of the theory of elasticity. Therefore a concise 
report concerning the solutions just mentioned shall be 
given. 

We designate by or, o:, and oz the normal stresses along 
the radius r, the tangent, t, to the circle of the radius 
r, and the direction, z, of the axis of rotation, respectively. 
As to the shear stresses, the components 7, and rz vanish 
by reasons of symmetry about the axis, while tre ~ 0 
generally. 


Consider now the stress distribution determined by 
the equations 


Y, 
\ 


\ 


1 1 1 
or = 8 pw?(3 + v)(a? — r?) + 3 pw?y i = : 
(2? — 32?) 
1 
o= eres + v)a? — (1 + 3y)r?] [33] 
1 1 
= poy x (1? — 32?) 
6 
os = 0 Tre = Tr = Tt = 0 


This stress distribution is produced by a certain elastic 
displacement satisfying Equations [82].’’ The solution 
[33], if applied to the case of a cylindrical disk with- 
out bore, fulfils the boundary conditions at the plane 
surfacesz = +1. Indeed, the stress component o. and 
the shear stresses vanishing identically, they vanish also 
at the surfaces z = + 1. But at the cylindrical surface 
r = a both the radial stress o, and the tangential stress 
o: follow a special law of distribution along the axial 


144A. BE. H. Love, loc. cit.; and F. Purser, Trans. Royal 
Irish Acad., vol. 32, 1902. 

15 ©. Chree, Royal Soc. Proc., London, vol. 58, 1895; treated 
the general ellipsoid. 

16 See also Zeitschr. f. Ang. Math. u. Mech., vol. 3, 1923, p. 
319. 

17 A. E. H. Love, loc. cit., Eq. [70] and [71], and p. 56. 
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direction z, as shown by Equation [83]. According to this 
law the average amount of or along that direction vanishes for 
r =a. The additive correction of Equation [33], necessary to 
produce boundary stresses of = 0 for r =a, is discussed in 
the article of Purser, previously mentioned. This correction is 
of importance only for calculation of stresses in the vicinity of 
r =a. For parts which are not too near to the edge, the stress 
state of the disk is represented by Equation [83] with sufficient 
accuracy according to the well-known principle of de Saint 
Venant,'* provided that the thickness 2/ is small compared with 
the diameter 2a. The axial distribution of the stresses at the 
edge r = a is here of little interest. That at the inner edge in 
disks with central bore is much more important. For such 
disks the solution [33] is to be replaced by the following formulas: 


1 a*b? ) 
Or = ~ pwo?(3 + v) | a? + 6? — r? — — 
8 te H 
il 1-+p 
LD PY) 
qr atte) 64 taal 
1 22 
ot. = Ane E + y) (« + b? + =) —(1 + aor | 
1 1 
+ Room 1 as : (1? — 32?) 
wherein 6 is the radius of the bore, and 
oz = 0 Tre = Tr = te = O........... [34a] 


According to the solutions [33] and [84] the stress variation 
along the axial direction, z, is of an almost vanishing amount, 
if 1, equal to a half the thickness of the disk, does not exceed a 
certain limit as compared with the outer radius of the disk. 

Take, for instance, a solid cylindrical disk for which a = 51. 
Suppose, this ratio justifies the application of the principle of 
de Saint Venant. In Fig. 16 the curves o, and o: show the stress 
distribution, according to Equations [383], for the middle plane, 
(z = 0), of the disk. The stress variation along the axial direc- 
tion z is represented by the parabolical curves Z-Z, analytically 
expressed by the formula Ac = Cz?, C being a constant and 
—l < z <1. The amount of this stress variation is about 2.5 
per cent of the maximum stress at the axis r = 0. 

The lower parts of the curves in Fig. 16 are dotted, because 
in the vicinity of r = a they do not represent the actual stress 
conditions, as explained above. 

Fig. 17 shows the stress distribution according to Equations 
([34], in an analogous way, for the same disk as in Fig. 16, but 
having a bore, the radius of which is equal to 1. The maximum 
stress appears again in the vicinity of the inner edge of the disk; 
but it is almost twice as large as in the case of the solid disk of 
Fig. 16. The stress variability along the axial direction is the 
same as before, or about 1.5 per cent of the maximum stress in 
the varied conditions. 

The stress distribution in an ellipsoid according to the exact 
solution cited above is discussed in detail by Stodola.2° We do 
not reproduce the complicated formulas for the stresses; only 
the general results shall be mentioned. 

For a solid disk of elliptical meridian curve having a diameter 
2a and a maximum thickness 2c at the axis, Stodola finds a 
stress variability along the axis (r = 0) as represented by the 
following table: 

TABLE 9 
c/a 1/3 V4 1/, 
Aa/o (%) 5 13 45 
18 A. EB. H. Love, loc. cit., p. 132. 
19 A, E. H. Love, ibid., p. 148. 


20 A. Stodola, ‘Steam Turbines,’ New York, 1927, vol. II, sec. 
184. See also his article im Zeit. V.D.I., 1907, p. 1259. 
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where o designates the tangential or radial stress for r = 0, 
z = 0, while Ao = o(7=o,2=0) — F(r =o, z=): 

It is interesting to observe, that the stress variability along 
the axis is of a larger amount for the elliptical disk than for the 
cylindrical one. This result is quite natural, if the uniform 
mass distribution along the axial direction in the case of a cylin- 
drical disk, causing a uniform distribution of the centrifugal 
forces along the same direction, is taken into account. But even 
for a disk of elliptical profile, having a maximum thickness equal 
to 1/4 of the diameter, the absolute value of the excess of the 
stress amount over the average stress along the axis remains 
within the limits of about 7 per cent of the maximum stress. 

A remarkable detail is characterized by appearance of normal 
stresses oz in the axial direction. These stresses oz represent 
compression in the disk parts of larger, and tension in those of 
smaller thickness. They reach the amount of only a few per cent 
of the maximum normal stress. 

From analogy with the cylindrical disk we may conclude, that, 
if the elliptical disk is provided with a bore, the non-uniformity 
in the stress distribution along the axial direction at the bore, as 
defined by the expression (ctmax as Otmin)/1/2(cimax + Ctmin); 
will be about a half of the amount indicated by the last table, 
so that the absolute value of the excess over the average stress 
along the axial direction remains within limits of about 31/2 per 
cent of the maximum stress for c/a = 1/4. 

In summarizing we arrive at the following conclusion with 
certain approximation, special regard having been given to the 
increased proportions in modern disk design: By increasing 
the thickness of the disk from 1/s to 1/, of the diameter the 
absolute value of the excess of the stress values over the average 
stress along the axial direction increases in disks with bore from 
the order of about 1 per cent to that of about 4 per cent of the 
maximum stress, while the axial stresses oz still remain within 
negligible limits. 

The rigorous treatment of the problem of rotating disks in 
general form, i.e., for given meridian curves, by using methods 
of mathematical physics, would be, at the present stage, in 
certain branches of the mathematical analysis, at least exceed- 
ingly complicated.2!_ A very valuable new method of analyzing 
plates and disks®? is invented by G. D. Birkhoff;?* in its further 
development this method may acquire practical importance for 
disk design. As far as technical requirements are concerned 
the approximate method, introduced by Stodola,®4 is very satis- 
factory. His procedure is based upon the fundamental con- 
clusion drawn from the exact solutions as previously reported. 
The non-uniformity of the stress distribution along the axial 
direction in rotating disks can be neglected within certain limits 
determined approximately by Table 9 and emphasized in the 
foregoing conclusion. This basis of strength calculations in 
disk design does not lose its validity in the new conditions 
characterized by increased disk proportions. 


Appendix No. 2 


DIFFERENTIAL EQUATIONS IN APPROXIMATE Form OF 
Rotating Disks 


Since the variability of the stresses o- and o: along the axial 
direction is, to all practical purposes, of negligible amount, they 


21 See St. Bergmann, Mathem. Ann., vol. 98, 1927, p. 248. A 
detailed report is given by I. Malkin, Zeit. f. Ang. Math. u. Mech., 
vol. 10, 1930, p. 182. 

22 The mathematical analogy between circular plates under bending 
and rotating disks is established by L. Foeppl, Zeit. f. Ang. Math. 
u. Mech., 1922. 

23 Phil. Mag., vol. 43, 1922, p. 953; also C. A. Garabedian, Amer. 
Math. Soc. Trans., vol. 25, 1923, p. 343. 

24 Stodola, “‘Steam Turbines,” sec. 74. 
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use to be considered as functions of r only. With this simpli- 
fication, Stodola obtains from the conditions of equilibrium 
[see Fig. 18] the equation”* 


dk’ — dR — dTdp + dF = 0 
where 
dR' — dR = d(ryor)dg; 


dT = your; dF = pwr*ydgdr 


so that the differential equation of equilibrium in approximate 


_ form can be written as follows: 


d(ryor) 


— yor + pw'r?y = 0.......--5-- [35] 
dr 


In elastic conditions the stresses follow from the radial displace- 
ment wu according to the relations 


ae ti ta\ dr soy pan tee een) ” dr rfp 


and by introducing [36] into [35] the equation 


du Idy .1\du mah Aa. ee Se) oe 
gy ta gd) oe (2 ye E ox 


somali 


is obtained. The elimination of u from Equations [36] yields 
the condition 


dot dor 
dr dr ue: r 


Or — Ot 


of compatibility of both stresses. 

In assuming a certain curve, y = f(r), as the meridian curve 
(profile) of the disk a differential equation for wu is obtained 
from Equation [37]. If the solution of this differential equation 
is known, the stresses can be determined by Equations [86] in 
connection with the boundary conditions. Should the stresses, 
as following from these calculations, exceed permissible limits, 
the assumed profile must be modified and the calculations 
repeated until satisfactory results are obtained. 

Sometimes another equivalent procedure is used in solving 
the systems [35] and [88] of differential equations. A certain 
kind of stress function S is introduced by the formula” 


S dS 
T= =} IRS =e Oe OTS ono cna OM [39] 
? dr 
where 
T, = Yor; IA EE Gab LOO Oe [40] 


By using these expressions Equation [35] is satisfied identically, 
while Equation [38] requires 


as 1 Idy\ds pay) LNs ~ . 

ats sc ey Vere neg eS a 5 E() 

ae dy) a8 (28 a esr Plweye 
ree ALI 


an equation which does not differ much from Equation [37] for 
the displacement w. 

Still another analytical expression for our problem can be 
obtained by eliminating o, or o from Equations (35] and [38]. 
By eliminating «, Stodola finds the following differential equa- 
tion for or:6 


25 A. Foeppl, ‘‘Technische Mechanik,’’ vol. V5; 1922, p., 87. 
26 A. Stodola, loc. cit., sec. 181b. 
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dor a val dy do, 2 + vdy d {1dy Or 
er, (241d )ae 4 | y Pl Tr 
+ (8 + v)pw? = 0.... [42] 


The differential equations reproduced here are used in pre- 
ceding sections for developing new solutions of the problem of 
rotating disks. Furthermore, in using Equations [36], the 
boundary conditions for the problem of stresses due to fit pres- 
sure in the disk under static conditions can be obtained as 
follows. 

Designate by 

d_ the bore diameter of the disk 

D_ the diameter of the shaft 
both under undeformed static conditions, and by 

uo the radial displacement of the disk 

uo’ the radial displacement of the shaft 
both for r = 7 and for any speed w between 0 and the over- 
speed wo. With these designations we obviously must have 


d + 2u = D + 2uy’ 


provided that, at any speed w S wo, there isa certain pressure 
between the disk and the shaft. The “shrink fit” is corre- 
spondingly given by 


A= 1/,(D — d) = U— Uo’ 
The displacements uw and uo’ are according to Equations (36] 


ot! — vor’ 
= —— 71 


E 


ot — Vor 
Ui eer HL) Uo 


E 


, 


where o: and o; are the tangential and the radial stresses, re- 
spectively, for r = ro at the speed w, in the disk, while o:’ and 
oy’ = o; are the corresponding stresses in the shaft for r = 70. 
The shrink fit is, therefore, 


To 
A= Ug — Uo’ = (o: — at’) = 


E 
In using the well-known formulas for a disk of constant thick- 
ness2? without bore we will have 


oe! — oo,’ = of! — or = A (1 — v) pwr? 


Correspondingly 


1 
A= E — Or — i a— ts 7 


Now, by introducing 


ot = Oto 
for w = wo 


or = Oro 


i Ss 
; P Vice =0 


or = Pr 
we obtain 
1 
Dime Po Sone hed (1 —v)ueo’ro? (for r = ro) 
Herein oro is equal or approximately equal to zero. As to the 
quantity 1/4(1 — v)uoo?r?, it is a small value which may be 


neglected in the last equation. Indeed, with reference to the 
example treated in the preceding section we have 


1 1 a ING 
-(1— 2ry? = — : 10-4 | 4320 i 6.75? 
ri (1 — v)pwo?ro 6 X 7.383 X ( x “) x 


= 1125 lb per sq in. 


27 See Stodola, ibid., sec. 76. 
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or about 2 per cent of om = 52,400lb per sqin. So the boundary 
condition in question can be written as follows 


Di pra— O10) LOLS =e dee era: [43] 


This is the inner boundary condition for the stresses p: and pr 
due to fit pressure under static conditions. The other boundary 
condition expresses the vanishing of p, at the outer disk edge 


105 
pr = 0 fOr R= Cee cet recle [44] 


The boundary condition [43] is here obtained in a way some- 
what different from that used by Stodola’* in order to show the 
limits of accuracy of this condition. 


Discussion 


J. L. Mautperscu.2® It can be shown that the two profiles 
given by the author belong to a series of profiles of the type 


—pr¥ 
y= ye 
where 
Lae ae 4: 
Ye aan Ola 
G@ ava 
and 
a = any positive integer 
i.e., 


Ji 4, 2, 1, 1/o, 4/35 2/3, 1/3, 1/4, 4/5, 2/5, V/s. ee 


and that any profile of this series will allow a similar solution 
to the one presented by the author. 

The solution for any value of y consists of two infinite series 
and of an expression containing a few terms only. For y = 4/s 
and y = 2/3, this last expression has three terms. In general, 
for any value of y, the number of terms p is: 


p= 
af 

We sce that if y becomes smaller, p will increase, i.e., we 
have more terms and the calculations are somewhat longer. 
However a study of the general solution shows that the series 
have a better convergence for small values of y therefore fewer 
terms in the series need to be considered. 

The method used by the author is practical only if tables for 
the values of the series are calculated beforehand. Such tables 
are given in this paper for the case y = 4/;, and the author also 
proposes to have tables calculated for his second case where 
+ = 2/3 Since the calculations are rather long, it might be 
advisable to determine first which profile is better adapted for 
practical purposes. 

Due to the more rapid convergence of the series for small 
values of y, a larger range for the variable z = 6r’ may be 
taken, therefore disk profiles differing more from the conical 
shape can be approximated with y = 1/, or 1/5 for instance, 
than with y = 4/; or 2/s. It seems then, that tables for a value 
of y smaller than ?/; would offer more advantages to the designer 
of turbine disk wheels than the second profile proposed by the 
author. 

A résumé of the general solution will be given here: the 
differential equation*® 


2% See Stodola, ibid., sec. 81d. 
29 University of Michigan, Ann Arbor, Mich. 
30 Author’s Equation [37]. 
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.... [45] 


is not homogeneous. It is reduced to the following homogeneous 
equation*! which can be solved with series: 


2 Gee + (m — z)z — — Nzor = [46] 
dr? z d ZOr = U.ccedcvcn 
where 
2 
ih 2 2 Zz.= Br® 
GY, 
and 
eee ery. 
n = 
yi 
if we assume 
Sar 
Yy = Ye Ae tg 1D.) at ital es ane [47] 
and limit y to the values 
12. 4 aide ul 
y =-,- or- (a = positive integer) [48] 
yd (te a 


This limiting condition for y is due to the fact that we want to 
obtain a particular solution of Equation [45] so that a homo- 
geneous equation may be obtained. 

The particular solution is of the type 


p 
ee MP ee [49] 
A 
where 
OL 
Pp = 
Y 
wi = 8 — 17 (fori = 1 to p — 1) 
and 
wp = +1 


M; is a function of y and £. 
The condition [48] for y is obtained through the analysis by 
making the assumption [47] and [49]. 


C. R. Sopersera.?? Dr. Malkin’s contribution to the disk 
problem is a very real one and I feel certain that it will find its 
place among the classics of the subject. 

It is of importance to the designer to have available a method 
of stress calculation which is sufficiently rapid to permit evalua- 
tion of-the stresses for many combinations in a short time and 
yet of sufficient accuracy to make the results reliable. During 
the period of its use, we have had ample opportunity to demon- 
strate the great merits of the new method. 

Concerning the problem of design limits, it seems that the 
following questions must be discussed: (a) tangential stress 
at the inner bore at overspeed; (b) permanence of the shrink 
fit on the shaft at the normal speed, and (c) normal pressure on 
the shaft at standstill. These aspects of the failure problem 
must be weighed in the order mentioned. The importance of 
the last item is difficult to evaluate. Failure in the ordinary 
sense of the word does not occur under normal pressure until its 
intensity materially exceeds the yield strength. This state is 


31 Author’s Equation [5]. 
32 Westinghouse Research Laboratories, Hast Pittsburgh, Pa. 
Mem. A.S.M.E. 
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seldom reached, but the pressures are usually so high that the 
designer does not feel he can ignore them. 


AuTHoR’s CLOSURE 


Mr. Maulbetsch’s generalization of my solution involves two 


infinite series in each of the two stress expressions. In recom- 
mending y = !/, he introduces two further expressions with 
32 i 
=—— =12=¢4 
1/, 


terms in each. These two expressions, however, may be worse 
than any of the proposed infinite series, because there is no indica- 
tion as to the rapidity of their convergence. The solutions, 
thus represented by six infinite series, cannot compete with the 
exponential profiles, the first of which involves only two infinite 
series, while the second entails the use of simple finite expres- 
sions. The more rapid convergence in the case of smaller values 
of y in the first four of Mr. Maulbetsch’s six series would not 
appear to be a factor of great weight. 

There is, furthermore, another factor which is not to be over- 
looked in connection with the question of convergence. If y 
becomes smaller, the independent variable z becomes larger, 
especially in the vicinity of the rim (see Tables 4 and 6). In 
using y = 1/4 we easily find, for the disk analyzed in Figs. 3 to 6, 
that 


18.75'/4 


2 = ga'/* = 2.303 X logy 2.5 X —— a, = 
ats aS Sh aH EN 


4.06 


as compared with za = 1.25 and za = 1.86, respectively, in the 
above examples. ‘The increase in za caused by decrease of vy is 
a factor of opposite effect to that of more rapid convergence. 

The necessity of calculating tables cannot be considered as 
a disadvantage of the author’s method, because such tables are 
necessary in any analytical solution, and it is contended by the 
writer that, for two reasons, the method of solution as set forth 
is simpler than any other analytical solution so far developed 
for the problem. First, it is much more convenient to calculate 
the tables in question by using simple finite expressions, or solu- 
tions with only two infinite series, than by dealing with six in- 
finite series, as in the case of conical disks, or even with finite 
expressions of considerable complicacy such as encountered in the 
case of hyperbolic disks. The other important advantage is the 
fact that the writer’s method of solution is based upon the 
principle of similarity which, in the case considered, assumes the 
following form: If the profile curve is given by an expression y = 
f (r, 8), where 8 is the essential constant parameter characteriz- 
ing the individual disk, the solution will be obtained generally 
in terms of two varying essential quantities, rand 6. In using 
f. i. tables calculated for conical disks we have to multiply all 
values, for any special disk, by a constant varying with that 
disk. The calculations are, in other words, two-dimensional. 
In the case of the exponential profiles set forth by the writer 
the solution is given essentially in terms of a certain combination 
of the variable r and the parameter 6, namely in terms of z = 
er'/* and z = 6r’/%, respectively. The main calculations, conse- 
quently, include only one variable. These are the two advan- 
tages which are of practical value in tabulating the solutions and 
in using the tables for design purposes. 

As to the question of technical adaptability of the writer’s 
method of solution, our attention is called to Fig. 19 in conjunc- 
tion with the following remarks. 

The problem of practical disk design is not a problem merely of 
avoiding the conical profile. It is rather a problem of profile 
variation between two limiting profile curves, the conical and the 
hyperbolic. Fig. 19 is a typical example of the practical possi- 
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bilities of choice offered to the disk designer by the two expo- 
nential profiles. They not only represent definite special solu- 
tions, but practically fill the range between the two limiting 
solutions, inasmuch as, if completed by the latter, they approxi- 
mate, with sufficient accuracy, any intermediate solution as well. 
Practical experience shows that a slight variation of the profile 
curve between the two fixed limiting points at the bore and the 
rim is of a practically negligible influence on the boundary 
stresses. After having used, for a certain time, the new method 
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Fie. 19 Typrcan Exampies or CHotcs OrreRED BY THE Two 
EXPONENTIAL PROFILES 


represented by the two exponential profiles the practical designer 
will, therefore, be able to modify more or less freely the theo- 
retical profile curves, if this is advisable from the standpoint of 
weight reduction or required by the necessity of avoiding possible 
dangerous vibrations. The profiles y = ae~, z = Sr’, with y = 
1/,or y = 1/5, being of sharper curvature at the bore than the 
second exponential profile and, consequently, situated in the 
vicinity of the hyperbolic profile, appear quite unnecessary in 
this connection because they do not throw any further light on the 
problem of stress distribution and there would be no justification 
for the tedious calculations involved. 

This is a case of special practical interest. Inasmuch as the 
hyperbolic disk is regarded as a limiting profile characterized by 
smaller weight but for the most part not adapted to technical- 
design purposes because of the sharp curvature in the vicinity of 
the bore, considerable modification of the profile curve is neces- 
sary, thereby reducing the degree of accuracy of the stress caleu- 
lations. Fig. 19 shows that, by using the second exponential 
profile, the designer practically obtains the ‘‘modified’’ hyper- 
bolic disk without being forced to abandon the basis of a reliable 
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stress analysis. This consideration once more demonstrates the 
technical importance of the second exponential profile. It leads 
to the conclusion that, while the hyperbolic disk represents a 
theoretical limiting profile with regard to the important question 
of uniformity of the stress distribution, the second exponential 
profile very often will represent the corresponding actual limiting 
curve. This applies especially to the case of smaller bore diame- 
ters (see Fig. 19) where the exponential profiles differ considerably 
from each other. But even in the case of large bore diameters 
(see Figs. 3 to 6), the second exponential profile can be considered 
at least as a good guide with respect to the question of a satis- 
factory stress distribution at the bore. 

There will be perhaps another occasion later to discuss the 
problem of axial disk vibrations in connection with the problem 
of profile choice. 

In summarizing so far, the following characteristic features of 
the new solutions should be emphasized: (a) simple mathe- 
matical representation, (b) compliance with the principle of 
similarity, (c) practical use in profile-curve variation within the 
limits represented by the conical profile and the hyperbolical 
disk, (d) reliable representation of the “actual” hyperbolical disk, 
and (e) tendency toward uniformity of stress distribution 
at the bore. These features make the new solutions well adapted 
for purposes of practical disk design. 

Referring to the problem of design limits as stated by C. R. 
Soderberg, certain indications concerning the distribution of the 


a* 


tangential stresses along the bore and their maximum amount at 
the middle plane (inner bore) of the disk have been given already 
in Appendix No. 1. If this maximum stress exceeds a certain 
limit, deformation processes of plastic character may be caused 
with the result that gradual changes will take place in the shrink 
fit. Thisis a question of entirely different nature and beyond the 
scope of this contribution. 

The problem of normal pressure on the shaft under static 
conditions admits of a simple solution. We have seen (Fig. 8) 
that the normal pressure p, between disk and shaft under these 
conditions is from 40 to 45 per cent of the tangential stress, ct, 
at the bore in overspeed conditions. The principal stresses in the 
shaft under uniform compression are, according to the solution of 
a well-known special case of the elastic problem ** o, = 0 in the 
axial direction and oz = oy = —p,r in any two directions in the 
cross-section of the shaft. If the problem of failure of the shaft 
under this uniform compression is judged from the standpoint of 
Mohr’s theory, we would have to consider the characteristic 
amount of 1/2, (sz — oz) = 1/2(¢y — az) or, absolutely, '/2pr, as 
compared with the amount of 1/201 in the case of the disk. In 
other words, according to Mohr’s theory, the shaft would be in 
twice as favorable a condition as the disk, provided the corre- 
sponding cases of failure are comparable with each other.** 


33 Loc. cit., A. E. H. Love, p. 144. 
34 ‘‘Pestigkeitsversuche,” by Th. von. Karman, Zeit. V.D.I., 1911. 
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A Membrane Analogy Supplementing 
Photoelasticity 


By J. G. McGIVERN! ann H. L. SUPPER,’ CAMBRIDGE, MASS. 


This paper describes a new method of finding the sum of 
the principal stresses in a two-dimensional model by 
means of ordinate measurements on a stretched rubber 
membrane as suggested by J. P. Den Hartog. The method 
is applied in detail to a simple phenolite tension member 
with a central circular hole and is found to be easy of 
operation and to yield results of good accuracy. 


HILE the analytical theory of elasticity has wide 

applications in the solution of engineering problems, 

it becomes very complicated and laborious when em- 
ployed for investigating bodies other than those having the very 
simplest of geometrical shapes. It is because of this limitation 
of the mathematical theory that so much attention has been 
centered on photoelasticity as a method for determining the dif- 
ference in value between the two principal stresses at any point in 
a body of uniform thickness subjected to a system of loading in its 
own plane. Since this difference is equal to twice the shear stress, 
this analysis becomes very useful when the object to be investi- 
gated is ductile and fails according to the maximum-shear theory. 
Many of our machine parts, however, are hard and brittle and 
fail according to conditions predicted by the maximum-normal- 
stress theory. Therefore, paralleling the development of photo- 
elasticity there have been attempts to supplement its results by 
other methods, making it possible to obtain the sum of the prin- 
cipal stresses and hence from the two the individual principal 
stresses. The methods proposed have not been sufficiently ac- 
curate or simple in their execution to warrant their widespread 
adoption by engineers. In this contribution the authors apply 
a new procedure employing a membrane,’ that they believe is 
both simple and accurate. This paper will consider those essen- 
tials of photoelasticity necessary for a proper explanation, give a 
general description of the membrane analogy and its technique 
and, finally, show its application to a typical problem. 


ESSENTIALS OF PHOTOELASTICITY 


The principle of photoelasticity was discovered by Sir David 
Brewster in 1816. He found that, when plane polarized light is 
passed through a transparent plate under stress, the polarized 
ray is broken up into two plane rays which vibrate in planes at 
right angles to each other and suffer retardation such that they 
are out of phase with each other by an amount proportional to the 
difference between the principal stresses. This phase difference 


1 Graduate students at the Harvard Engineering School, Cam- 
bridge, Mass. Mr. McGivern was graduated from Northeastern 
University with the degree of B.M.E. in 1928 and served as an in- 
structor there for the three following years. In 1931 he received the 
degree of Ed.M. from Boston University and in 1932 an M.S. from 
Harvard University. Mr. Supper was graduated from Ecole 
Speciale des Travaux in 1931 and was Stillman Fellow at Harvard 
University, 1931-32. Heisnowa member of the French Army. 

2J. P. Den Hartog, Zeitschrift fiir angewandte Mathematik und 
Mechanik, 1931, p. 156. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tus AMERICAN Socinty oF MECHANICAL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


causes interference effects so that if a stressed specimen is viewed 
with white light a pattern of color bands results, or if a mono- 
chromatic light source is used the result is a pattern of alternating 
black and white fringes. Since the optical law governing this 
behavior is dependent only on the elastic and optical constants 
of the material, its thickness, and the value of the difference of 
the principal stresses, and not on geometrical shape, it is possible 
to determine the stress difference value from either the color or 
the black fringe pattern. The calibration of the constants is 
done by taking a simple tension specimen and measuring the 
loads corresponding to the various color values or by using a 
simple beam subjected to a constant known bending moment. In 
the latter case the stress is calibrated for various points in the 
beam and then divided by the fringe order to give the stress-dif- 
ference value for each fringe. This value will of course vary with 
the material used and its thickness. For the tests described in 
this paper the most sensitive material existing, phenolite,* was 
used with a calibration of 264.3 Ib per sq in. per fringe. 

In addition it is possible by pure optical methods to obtain 
the directions of the principal stresses as well as the value of 
their difference. This was discovered by Clerk Maxwell when 
he conceived the idea of using two polarizers having their axes 
at right angles and located on different sides of the specimen. 
By keeping the axes at right angles and revolving them together 
it is possible to obtain a series of black lines called isoclinics. 
Each one of these isoclinics has the property of being the locus of 
all points having the directions of their principal stresses the same 
as those of the setting of the axes of the polarizers. This follows 
since those rays which vibrate in the plane of the axes of the 
first polarizer cannot pass through the second polarizer, called the 
analyzer, as they have no component parallel to its axis and there- 
fore appear black. 

Since the maximum shear stress is equal to one half the differ- 
ence between the values of the two principal stresses and acts on 
a plane 45 degrees from the plane of the maximum stress, it is 
possible by pure optical means to determine both the magnitude 
and direction of the maximum shear stress. 

As stated previously, it is sometimes necessary for the engineer 
to know the values of the principal stresses P and Q individually. 
Knowing the value of (P — Q) from photoelasticity, the usual 
procedure is to find the value of (P + Q) by some other method 
and then to determine the values of the individual stresses P and 
Q separately. 


Vartous Mernops ror OsTainine P anv Q SEPARATELY 


In 1914 Coker proposed a procedure which was originally sug- 
gested by Mesnager and consists of determining the sum of the 
principal stresses, (P + Q), by measuring the lateral contraction. 
By means of this measurement, together with a knowledge of 
Poisson’s ratio and Young’s modulus, the value of (P + Q) can 
be determined at any point. This method has one serious disad- 
vantage, however. This is that the deformations to be measured 
are so small that in practise reliable results are very improbable. 

3 Developed by Z. Tuzi, see “A New Material for the Study of 
Photo-Elasticity,’’ Scientific Papers of the Inst. of Phys. and Chem. 
Research, Tokyo, vol. 7, Oct., 1927; also Proc. Third Intern. Congress 
for Appl. Mech., Stockholm, 1930, vol. 2, p. 176. 
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A method of graphical and numerical integration based on the 
equations of Mesnager was developed by Filon.* The calcula- 
tions are started at a boundary where P and Q are known and 
then continued along a stress trajectory, which is a line having the 
principal stress cross as tangent and normal at each point. The 
stress trajectories can be obtained graphically from the isoclinics 
but the whole procedure is very long and tedious as well as quite 
inaccurate in certain regions of the object. 

A third method originated by Favre is a purely optical one. 
It requires the use of an interferometer and consists of breaking 
up the original plane-polarized ray into two parts, one passing 
through the stressed specimen and the other dodging around it. 


Fic. 1 OnpinaTe-MEASURING APPARATUS 


If the plane of the polarized light at a certain point of the speci- 
men is parallel to its principal stress direction, the retardation of 
that ray is proportional either to P or to Q. Thus the two prin- 
cipal stresses are determined independently by comparing their 
retardation with respect to the unaffected ray. The directions 
of P and Q for each point, however, must be determined first by 
the ordinary isoclinic method so that the angle of the polarizer 
can be set for finding the retardations of P or Q for a particular 
point. This method is not of great practical importance, as it 
requires very sensitive precision apparatus, a large amount of 
time and a very high degree of technical skill for its operation. 
The membrane method which is the subject of this paper re- 
quires a moderate amount of rather simple apparatus, gives re- 
sults with less work than any of the three foregoing methods’ of 
procedure and, in addition, is inherently more accurate. 


GENERAL DescRIPTION OF MEMBRANE ANALOGY AND APPARATUS 


Due to the fact that at the unloaded boundaries of the speci- 
men one of the principal stresses disappears, it is possible from a 
photoelastic photograph to evaluate (P + Q) along all free bound- 
aries since (P — Q) equals (P + Q). Now it so happens that 
the equation of the small ordinates of a membrane stressed with a 
constant tension and having the same pressure on both sides is the 
same as the equation defining the distribution of (P + Q). This 
common equation is known as the differential equation of Laplace 
and is written for the two cases as follows: 

For the ordinate z of the membrane® 


4“On the Graphical Determination of Stress from Photo-Elastic 
Observation,” by L. Filon, Engineering, Oct., 1923. 

5 “Sur une nouvelle méthode optique de détermination des tensions 
intérieures,” by H. Favre, Publications du Laboratoire de Photo- 
élasticité de L’Ecole Polytechnique Fédéral de Ziirich, 1929. 

® For development see “Mathematical Theory of Elasticity,” by 
A. E. H. Love. ™ 
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In order to have a complete similarity it is only necessary to 
satisfy the same boundary conditions. Since the boundary 
values of (P + Q) can be obtained from photoelasticity, we have 
only to make the boundary ordinates of the membrane propor- 
tional to the (P + Q) values in order to have complete similarity 
between the (P + Q) values and the z values of the membrane 
in the interior of the specimen. 

Some care has to be exercised in evaluating the sign of (P + Q) 
at the boundary. If the signs at the boundaries are not ap- 
plied correctly, serious errors can be made. This point will 
be discussed in detail in the next section. 

The requirement of a membrane as it is assumed in the deriva- 
tion of Equation [1] is that the stress in tensionis always constant 
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and independent of any change in shape. This condition would 
be satisfied fully by using a soap film where the tension is a func- 
tion only of the capillary constant of the film. Some investi- 
gators have succeeded in making soap films that have lasted for 
several hours but they require great care both in their making 
and their use. For this reason a rubber membrane was employed. 
With moderate care and protection from direct sunlight it will 
last for more than a month. If we select the scale of our bound- 
ary ordinates in such a manner that the tangent of the largest 
slope of the membrane will be one-fifth, the error introduced by a 
change in tension due to the change in shape is less than 2 per cent. 
In the derivation of Equation [1] it is assumed also that the angle 
of slope is sufficiently small that its tangent can be considered as 
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equal to its sine. The error due to this assumption also is on the 
order of 2 per cent and occurs in the soap film as well. 

The stated condition that the rubber membrane must be 
stressed with equal tension was fulfilled by ruling it into one-half 
inch squares and stretching it until the original small squares be- 
came one inch on each side. This was accomplished by fastening 
clamps, one inch wide, alternately around the edge of the rubber 
and fastening these clamps with strings to a large frame so that 
the membrane could be stretched until the original half-inch space 
between the clamps became one inch. The center portion of the 
rubber was then clamped between two permanent frames espe- 
cially made for that purpose. These frames are marked A in Fig. 
1. The boundary ordinates of the rubber membrane, as pre- 
scribed by the photoelastic test, are forced on it by a lower and 
an upper frame indicated by B in Fig. 1 and carrying celluloid 
inserts filed to the proper contours. 

The ordinate-measuring apparatus consists of a base plate, 
an overhead beam the support at one end of which slides on the 
base plate, and a drop michrometer arranged to slide along the 
beam. By means of scales on both the base and the beam it is 
possible to locate definitely any point (7, y) on the model and 
measure its height z. Fig. 1 shows the complete 
apparatus set up and ready for use. 


St 
NY 
APPLICATION TO A DEFINITE CasE 
The specimen selected for applying the new tech- A 
nique consisted of a simple phenolite tension mem- 
ber with a circular hole equal to one-half of its 
width centrally located in it. The fringe photo- = 
graph for this model is shown in Fig. 2. On acco ~ 


count of spherical aberration, it is of importance 
that a network of squares be ruled on the original 
specimen and that this be photographed together 
with the (P—Q) pattern. Fig. 3 represents the 
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(P — Q) Stress SURFACE 


(P — Q) stress surface for one-quarter of the model. The photo- 
graph, Fig. 2, can be considered to be a civil engineer’s contour 
map of the surface shown in Fig. 3. 

Since the P stress was taken as the longitudinal stress at a dis- 
tance far removed from the hole, it is seen that the maximum P 
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stress is tensile and is equal to approximately three times the 
average applied stress. This maximum is located at the surface 
of the hole on the horizontal center line and is shown as point 4 
in Fig. 4. The maximum Q stress is approximately equal to the 


/ Z 


A 3 
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average applied stress, is compressive, and is 
located at point 3 in Fig. 4. We know it to be 
compressive because in Fig. 3 (P — Q) is positive 
and P is equal to zero. An investigation of P and 
Q around the hole presents some interesting fea- 
tures, as can be explained by referring to Fig. 4. 

Along the lines 1-5, 5-4, and 2-3 in Fig. 4, the 
direction of the P stress is vertical and has a. 
positive value except at point 3 where it is zero. 
The Q stress remains horizontal in direction along 
these same lines and is equal to zero at the points 
1,5, and 4. Considering the contour of the hole, 
it is seen that at point 4 the P stress has a defi- 
nite value and the Q stress equals zero, while for 
point 3 the reverse is true. Along the circular 
contour of the hole the stress cross is tangential 
and normal so that in moving from point 3 to 
point 4 the cross turns through 90 degrees and, 
if nothing particular happens, the P stress which 
is vertical at 4 would become nearly horizontal 
near point 3 which is inconsistent. 

In order to avoid this it is necessary to reverse 
the meaning of P and Q at some point between 
3 and 4. This naturally can happen only at a 
point where both these stresses become zero. 
This very important point is denoted by the letter 
A in Fig. 4, while Fig. 5 illustrates the relation 
still more plainly. The directional properties of this singular 
point of zero stress, A, located approximately at 36 degrees from 
the vertical centerline will be best understood when we refer to 
the isoclinic and stress trajectory diagrams shown in Figs. 9 
and 10. 
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Now we can proceed to the finding of the (P + Q) 
values along the boundaries from the known values 
of (P — Q) in Fig. 3. Along the outside bound- 
aries Q = O and therefore (P + Q) = (P — Q) 
without further difficulty. The same is true at 
point 4 of the circular inner boundary or, for that 
matter, at any point between4 and A. However, 
at point 3 we havea different situation. Here P = 
0 and Fig. 3 shows that (P — Q) is positive so that 
Q must be negative. Consequently (P + Q) is 
also negative and equal in numerical value to 
(P—Q). This reversal of sign between (P + Q) 
and (P — Q) holds for the whole boundary between 
points 3 and A. This is further illustrated in 
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Fig. 5. The value and the sign of the boundaries having been 
settled on, it is an easy matter to lay them out, attach them to 
their respective frames, and by means of the set-up shown in 
Fig. 1 force them on the rubber membrane. The ordinates 
measured on the membrane surface thus formed are shown in 
Fig. 6. 

The resulting (P + Q) surface of Fig. 6 on first sight does not 
appear very different from the (P — Q) surface of Fig. 3 with the 
exception of the change in sign at the boundary from A to 3. 
There are, however, two regions lettered B and C on Fig. 3 which 
do not appear in Fig. 6. Point B indicates a “‘saddle point” in 
the (P — Q) surface. If we proceed in a longitudinal direction 
through this point, we go through a maximum (P — Q) value 
while if we travel transversely through it a minimum (P — Q) 
value is passed. This point B is of importance in interpreting 
the fringe order and is easily recognized on the fringe photograph 
of Fig. 2. Point C indicates a bowl in the surface and a minimum 
value of (P — Q) is obtained irrespective of the direction one 
passes through it. This point is also easily recognized in Fig. 
3. It is interesting to note that it would be impossible for any 
(P + Q) surface to contain a bowl or a hill top since its differen- 
tial equation requires that the sum of the two principal curva- 
tures through a point must always be equal to zero. It is this 
characteristic that makes it possible to distinguish between a 
(P + Q) and a (P — Q) stress surface at first sight. 

Having cataloged the values of (P — Q) and (P + Q) it is an 
easy matter to solve for P and Q separately. The P stress sur- 
face and the Q stress surface are represented in the Figs. 7 and 8 
respectively. The P stress surface does not vary appreciably from 
either the (P — Q) or the (P + Q) surfaces except in the region 
from point A to point 3 near the edge of the hole. This simi- 
larity is due to the small values of Q except in the region indicated. 
Since the Q stress is so small, its ordinate scale in Fig. 8 was taken 
double that of Fig. 7. The P stress diagram makes it possible 
to apply a static check on the analysis in as much as the area 
under the curve at the center section between 4 and 5 in Fig. 4 
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should equal the area under the curve at a considerable distance 
from the hole, between 1 and 2 in Fig. 4. 

Fig. 9 shows the isoclinic lines which were determined by the 
usual method. ‘These lines show the significance of the singular 
point A by the fact that all the isoclinics pass through it. From 
these isoclinics the stress trajectories shown in Fig. 10 were drawn. 
There are two “singular trajectories,” one represented by a heavy 
full line which shows the change in the direction of the P stress 
at A and the other represented by a heavy dotted line represent- 
ing the change in the direction of the Q stress at A. 

The behavior in the immediate neighborhood of A naturally 
is not affected by the width of the plate. Since an analytical solu- 
tion is available for an infinitely wide plate, it is possible to solve 
for the angle that the principal stress makes with the radius. 
The tangent of twice this angle was reduced to a linear function 
of both the angular displacement from the singular point and the 
ratio of the radii of the point in question to the radius of the 
hole. This made it possible to show the detail in the region of 
point A in Fig. 10. The trajectories as given in Fig. 10 differ 
appreciably from those published by Coker on page 968 of the 
December, 1920, issue of the General Electric Review. 


Discussion 


Rogert Victor Baup.’? By solving the stress-field problem 
by means of the membrane analogy the edge stresses from photo- 
elastic tests are required as a basis. For known reasons these 
stresses are most likely the least accurate and consequently all 
results for points inside become inaccurate to the same extent. 
Furthermore the problem must be such that for the complete 
contour both principal stresses are determinable, either photo- 
elastically or on the basis of theoretical considerations. This 
restricts the field of application of the membrane-analogy method 
as discussed in this paper to a limited number of special cases. 


7 Mechanics Division, Research Laboratories, Westinghouse Hlec- 
tric & Manufacturing Co., East Pittsburgh, Pa. 
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The shafts of turbines, generators and other high-speed 
machines run in journal bearings on films of oil so that 
there is no metal-to-metal contact between the journal 
and the bearing. Although the bore of the bearing is 
only a few thousandths of an inch larger than the diameter 
of the journal the oil film supports the rapidly rotating 
journal and holds it steadily in a very definite position 
within the bearing clearance. 

The position which the journal takes within the bearing 
clearance depends on the viscosity of the oil, the load on 
the journal, the speed of rotation, and the dimensions of 
journal and bearing. For example, if the rotation speed 
is only a few rpm the journal runs near the bottom of its 
clearance. At higher speeds the journal runs so that its 
closest approach to the bearing is at some point on the 
side opposite to that which it climbed at starting. For 


due to oil action in journal bearings? is a whirling or vibra- 
tion which develops when a rotor on journal bearings runs 
at approximately twice the critical speed of the shaft or at any 
higher speed. The whirl or vibration occurs at the resonant 
frequency which, in cycles per minute, is equal to the revolutions 
per minute at the critical speed. Thus the shaft builds up a 
resonant vibration or whirl when running at a number of revolu- 
tions per minute equal to, or greater than twice the resonant 
frequency. The stimulus which builds up and maintains the 
vibration lies in the oil film in the bearings. This was proved by 
shutting off the oil supply. As the oil ran out of the bearing 
the whirling ceased and it built up again when the oil supply 
was restored. 

It was found that rotors did not develop this whirl when run 
on friction damped spring bearings and that increasing the unit 
loading of the bearing prevented the whirl up to speeds somewhat 
above twice the critical speed. An obvious means to escape the 
difficulty in commercial design is to make the rotor of such stiff- 
ness that the critical speed is more than half of the running speed. 
The phenomenon has since been observed in commercial ma- 
chines and all three of the expedients above mentioned have been 
used successfully at one time or another to combat it. With 
higher journal peripheral speeds the action of the oil film seemed 


4 he phenomenon of what has been termed shaft whipping 


1 Research Laboratory, General Electric Company. Mem. 
A.S.M.E. Dr. Newkirk was graduated from the University of Minne- 
sota in the classical course. After some graduate work there in 
physics and mathematics he studied at the Universities of Munich 
and Géttingen, Germany, and later became associate professor of 
mathematics and mechanics in the College of Engineering of the 
University of Minnesota. He entered the Research Laboratory of 
the General Electric Company in 1920. 

2 Research Laboratory, General Electric Company. Mr. Grobel 
was graduated from the University of Minnesota in 1924 with the 
degree of B.S. in Mechanical Engineering. Since graduation he has 
been with the General Electric Company, from 1925 to the present 
time in their Research Laboratory. 

3“Shaft Whipping Due to Oil Action in Journal Bearings,’”’ by 
B. L. Newkirk and*H. D. Taylor, General Electric Review, Aug., 1925, 
p. 559. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 4 to 8, 1933, 
of Tar Amprican Society oF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Oil-Film Whirl—A Non-Whirling Bearing 


By BURT L. NEWKIRK! ann LLOYD P. GROBEL,? SCHENECTADY, N. Y. 


very high speeds the same journal runs nearly centered 
in the bearing clearance. 

Observation and experience teach that in general the 
oil film forms a very steady support for the journal and 
that it even exerts a dashpot action opposing outside dis- 
turbances that would cause the shaft to vibrate. This 
remarkable stability, however, has been found to be sub- 
ject to a notable exception. When a shaft runs at twice 
its critical speed or at any higher speed the equilibrium 
between the load and the lift of the oil film becomes un- 
stable, the journal moves in a minute spiral of increasing 
radius, and the whole shaft picks up a whirling motion. 
The whirl has the natural frequency of the shaft and the 
motion is one of resonance. 

This paper deals with a laboratory study of oil-film whirl 
phenomenon and describes a means for combatting it. 


to be less easily suppressed by increased unit loading or by spring- 
supported bearings. 

Some time ago this study was taken up again with a new ap- 
paratus built for study of this phenomenon as it develops with 
higher journal speeds. The highest speed of the previous in- 
vestigation was that of a 17/s-in. journal at 5000 rpm. In the 


Ps eae ‘Lower Ha/: ea Sot Upper Half Baer] 


Depth 0.030 rn. 


to 0.070 rn. 


270° 360° 


————__> 
Rotation 


270° 360 


Fic. 2 


new apparatus a 2-in. journal was run at more than 30,000 rpm, 
giving a journal peripheral speed of 16,000 fpm. 

An object of the study was to develop if possible a system of 
grooves in the bearing that would control the behavior of the oil 
film so as to prevent development of the whirling phenomenon. 
Figs. 1 and 2 show developed bearing surfaces with systems of 
grooves that proved most satisfactory. Oil enters at the hori- 
zontal joint on the downgoing side of the journal. Some of the 
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oil is pumped by action of the shaft through the central pe- 
ripheral groove to the dam at the end of the groove where con- 
siderable hydrodynamic pressure builds up, especially if the pe- 
ripheral speed of the journal is high. The upper half of the bear- 
ing fills up with oil and the axial grooves in the upper half of the 
bearing (Fig. 1) distribute the pressure. If the load on the bear- 
ing is sufficient to insure downward pressure under all circum- 
stances the lands in the upper half may be omitted (Fig. 2). 
Thus the bearing is kept full of oil so that air is not drawn in at 
any point and a considerable downward pressure is exerted on 
the journal by the oil in the upper half of the bearing. The 
downward load on the journal due to the oil pressure developed 
in the upper half of the bearing is not sufficient to account for the 
nonwhirling characteristic of our bearing by the increased load- 
ing of the journal alone. In other words a bearing of conven- 
tional design with external loading on the shaft equal to the load 
produced by the oil pressure in the upper half of the new bearing 
will still whirl. 

The weights of the rotors used in most of these tests imposed 
a load on the bearing of negligible amount. The whirling char- 
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acteristic is therefore avoided in bearings of this design with a 
shaft substantially without external loading, and with a pe- 
ripheral journal speed of 16,000 fpm. Some hydrodynamic pres- 
sure develops in the lower groove so that the oil pressure increases 
continuously from the point of entrance of the oil to the dam. 
This groove in the lower half serves also to reduce the lifting 
power of the oil film in the lower half of the bearing by dividing 
the bearing surface into two sections and doubling the total effec- 
tive end-leakage area besides shortening the leakage path. 

The bearing has been called “non-whirling.”” This does not 
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imply resistance to vibration stimuli but simply that the stimulus 
to whirling does not develop because of the action of the oil film. 
In fact an exception must be made even to this narrowed claim, 
inasmuch as rotors with very heavy and relatively long over- 
hangs mounted on bearings of this design do develop the whirl 
at a somewhat increased speed. This exceptional case will be 
discussed later. 

Fig. 3 shows the development of hydrodynamic pressure along 
the peripheral groove as a function of the angular distance from 
the point of entrance of the oil. Fig. 4 shows the variation in 
pressure developed at the dam as a function of journal speed. 

The oil is supplied to the bearing with a pressure of five or ten 
pounds per square inch to cause it to enter in sufficient quantity. 
There is no passage provided for oil exit, consequently end leak- 
age carries away all the oil that passes through the bearing. It 
is essential that the bearing run full of oil. The amount that 
must be supplied depends, therefore, on end leakage which in 
turn depends on bearing diameter, clearance, pressure developed 
by the pumping action of the journal, and viscosity of the oil. 

The bearing functions well throughout a range of clearance. 
Excessively small clearances result in overheating at high speeds 
as would be the case with any bearing. A clearance of 2.5 parts 
per thousand proved satisfactory for the two-inch journal up to 
the highest speed at which tests were usually run; 30,000 rpm, 
corresponding to 15,700 fpm. For journals of larger diameter 
and especially at the much lower journal peripheral speeds in 
commercial operation the commonly used clearances of 1.25 to 
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1.50 parts per thousand are presumably satisfactory. Larger 
clearances result in an excessive amount of oil passing through 
the bearing. This oil is pumped up to considerable pressure 
within the bearing and then discharged with correspondingly 
increased power consumption. Fig. 5 shows the amount of oil 
supplied, together with the pressure developed at the dam in 
tests of the 2-in. journal at 30,000 rpm with a 5.5-mil diametral 
clearance. 

The grooves must be of ample capacity to carry oil enough 
to supply the end leakage and cause the bearings to run full. 
The circumferential grooves should have a cross-section from 2 
to 4 or more times the product of radial clearance and journal 
circumference. In the lower half the peripheral groove is narrow 
and deep. In the upper half operation has been satisfactory with 
depths from 20 mils to 70 mils. Depths of from 30 to 40 mils are 
satisfactory at the higher speeds. If the lands are omitted in 
the upper half and a very wide groove used, the groove depth 
need not be decreased because of the greater width. 

Figs. 1 and 2 do not show the grooves at the ends of the bear- 
ings that are required to carry away the end leakage oil. Con- 
ventional means for this purpose are satisfactory but more than 
the ordinary bearing end-leakage oil must be taken care of. 
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Some measurements of the power loss in the bearing were made. 
With a 2-in. diameter journal and a bearing 2°/s in. long, having 
a clearance of 2.75 parts per thousand and using oil of 155 sec 
Saybolt viscosity (27 centipoises) at 40 C, the following values 


,of power consumption in the bearing were observed. 


Oil feed, Oil, 
Rpm deg C Kw loss gpm 
15,000 35 2. a 
20,000 35 3.9 ae 
25,000 35 6.2 at 
30,000 35 9.6 a 
20,000 50 yal 1.5 
25,000 50 5.4 Zell 
30,000 50 8.7 Bae 
20,000 60 2.9 ane 
25,000 60 5.1 
30,000 60 8.3 


Tue ExpERIMENTAL APPARATUS 


The apparatus developed for this study has some points of 


- interest. A fundamental requirement was that the peripheral 
>, speed of the journal should be at least as high as that of a 12-in. 


journal at 3600 rpm. It was necessary also that the mounting 


_be so rigid that resonant vibration would not develop in any of 
' its parts at speeds within the range to be studied. One shaft, 


No. 1, had its critical speed 
above the range to be studied 
and another shaft, No. 2, had 
its critical speed considerably 
less than half the maximum 
speed to be studied. Most 
of the work was done with 
these two rotors. At a later 
date No. 2 was modified by 
adding a bell-shaped mass to 
the overhanging end and a 
third rotor was made with a 
long, heavy overhang. 

The journal diameters were 
2 in. (51 mm) and a speed of 
30,000 rpm gave a journal 
peripheral speed of 15,700 ft 
(4785 m) per minute. The 
journal lengths were 2°/s in. 
(66 mm) for rotors Nos. 1 
and 2, and 6 in. for No. 3. 
A 25-hp, 3600-rpm, d-c motor 
shunt wound, with a 10 to 1 
spur-gear train was used for 
driving and the speed was 
controlled by varying the 
armature voltage. Shafts 
Nos. 1 and 2 are shown in 
Fig. 6. The longer one has a 
critical speed at 8500 rpm, and 
no other critical speed below 
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Fig. 6 Swarts ror Hieu- 
Spgrrep BraRIne TESTS 


30,000 rpm. Both shafts have assemblies of punchings near the 


2-in. bearing. These were used with a pair of electromagnets 
to load the shafts. Loads up to 400 lb (180 kg) could be applied. 
At the flanged end of each shaft a small plain journal bearing 
(7/sin. X 14/, in.) and a ball bearing were used interchangeably. 
The coupling with the driving shaft was accomplished by lacing 
a light linen cord through holes in the two adjacent flanges on the 
driving spindle and the driven shaft, respectively. 

The bearing standards were made of steel plates 23/3 in. thick 
and the main standard was approximately 14 in. wide. The 
standards were set on a heavy steel plate which was solidly 
grouted in on a concrete base on the concrete floor of the labora- 
tory. 
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The apparatus was housed to confine the oil. No effort was 
made, however, to confine the oil within the bearing housings. 
Oil was supplied by a gear pump. A cooling coil and a heating 
coil were used to control the temperature of oil entering the bear- 
ing. Fig. 7 shows the apparatus with the longer shaft in place 
and the upper part of the housing removed. 

To observe accurately the behavior of the journal under the 
action of the oil film the short shaft, No. 1, was provided with a 
stiff projection, the end of which was observed with a 
microscope while the shaft was running. Movements of the 
journal were amplified by the shaft extension 1.7 times at the 
pointer tip. To increase the refinement of observation the tips 
of the points were provided with recesses into which 1/5 in. 


Fic. 7 AppaRATUS FoR HicH-SprED BrARING TESTS 


Fic. 8 Suarr ror Hicu-Sprpp Brarine Tests 
(Enlarged view of 1/is-in. ball holder.) 


(1.6 mm) steel balls were set and centered with small screws. 
Fig. 8 shows this considerably magnified. These balls acted as 
convex mirrors of small radius to give a virtual image of the cra- 
ter of a small direct-current are lamp placed about 10 ft (8 m) 
away. This image was only about one-ten-thousandth inch 
(0.0025 mm) in diameter. Since the diameter of the ball is small 
compared with the distance from the light source the position of 
the virtual image relative to the ball center changes very little 
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with small movements of the ball and the observed movements 
of the image represent with great fidelity the movements of the 
shaft tip and of the journal in the bearing. 

A combined microscope and camera was used to observe and 
record the motion of the pointers. The magnification on the 
photographic film was 18 diameters. Applied to movements of 
the journal when the shorter shaft was used the power would be 
30 diameters. One division of the scale which shows in some of 
the photographs represents 1.8 mils (0.045 mm) at the ball and 
1 mil (0.025 mm) at the journal. 

When the shaft is whirling or vibrating the image of the light 
source moves and leaves a track on the photographic film. On 
account of the retention of the image by the eye a track of light 
is observed visually also through the microscope. The arrange- 


ment of shutters is such that the image may be focused and cen- 


Fic. 9 Campra-Microscorre Set-Up FoR OBSERVING AND PHOTO- 
GRAPHING COMPRESSOR-IMPELLER-SHAFT VIBRATION 


tered in the field visually and photographed immediately by 
operating two shutters. Fig. 9 shows the microscope and camera 
set up before a small compressor. The microscope was set with 
its axis in line with the shaft axis and the beam of light from the 
arc lamp made a small angle with this axis. 

The shortest exposure obtainable with the shutter was 1/e0 sec. 
This corresponds to a complete revolution of the shaft at 3600 
rpm. At 30,000 rpm the shaft makes 500 revolutions in a second. 
Shorter exposures corresponding to less than a revolution at the 
highest speed were obtained by using a revolving disk 11%/, in. 
in diameter with a notch of definite length in its periphery. The 
disk was so placed and rotated that it cut off the light beam ex- 
cept when the beam was passing through the notch. The 
shutter was then set for an exposure shorter than the period of 
one revolution of the disk. In this way the image recorded on 
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the film represented the movement of the pointer while the notch 
in the disk permitted the beam of light to pass. 

With this equipment the behavior of both shafts in many 
bearings was observed and photographed. It is understood of 
course that shaft No. 2 would not behave as a rigid body when 
whirling or vibrating at a frequency near 8500 per minute (its 
natural frequency) or higher, and consequently would not indi- 
cate movement of the journal in its bearing while running at 
these high speeds. However, the ball at the end of shaft No. 2 
gives a sensitive indication of the whirling movement of the rotor 
when it occurs. Numerous photographs show movement at the 
tip of shaft No. 2 of less than one scale division total displacement 
(1 division = 1.8 mils at the ball) at speeds up to 30,000 rpm, 
with no load on the shaft except its own small weight. Fig. 10 
shows an example of these photographs made with shaft No. 2. 
With bearings of ordinary design this rotor breaks into violent 
whirling at speeds over 17,000 rpm. The numbers in Fig. 10 
represent the following conditions: 


Exposure Shaft speed, Magnetic load, 
number rpm lb 
31/2 15,000 0 
4 20,000 0 
41/o 25,000 0 
5 30,000 0 
53/2 20,000 400 
6 25,000 400 
61/2 30,000 400 
7 (Shows bearing clearance) 


No. 7 was made by taking six separate exposures with shaft sta- 
tionary and the journal pulled by hand against the bearing in 
different directions. This gives a chart of the bearing clearance. 
Exposures Nos. 31/2 to 61/2, inclusive, all show images less than 
one-seale division in diameter and indicate very steady running 
of the rotor. 

Photographs of the vibrations and whirls are difficult to re- 
produce and discussion in detail of their features is not necessary 
for present purposes. Most runs were made with bearings of 
unusual proportions or grooves. With a conventional overshot 
bearing the stiff shaft, No. 1, ran true and in the center of its 
clearance up to 13,000 rpm with no load. 

With the non-whirling bearings the journal ran at a lower posi- 
tion in the bearing clearance at speeds above 15,000 rpm than it 
did at lower speeds. 


Heavity OverHUNG Rotors 


A subsequent study was made to throw more light on the na- 
ture of the oil-film whirl, especially its early stages when a rotor 
running in equilibrium begins to build up the whirl. Experience 
with two rotors having relatively long and heavy overhangs de- 
serves mention because of its bearing on both design and theory. 

A bell-shaped part was shrunk on shaft No. 2. This mass was 
so designed that the center of gravity of the overhanging end of 
the shaft was at the !/15-in. ball which serves to reflect the image 
of the arc. The motion of the image, therefore, indicated the 
motion of the center of gravity of the mass. Fig. 11 shows a com- 
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) two or three mils. 


APPLIED MECHANICS 


bination microscope and motion-picture camera in position for 
observation and shaft No. 2 with its bell-shaped attachment. 
The critical speed of this rotor was 2030 rpm. The load at 
the main bearing was 59 lb. The distance from the center of 
) gravity of the overhanging end to the bearing center was 1.2 
times the distance between bearing centers. This was run in a 
bearing of conventional overshot design 15/s in. long with a clear- 
ance of 3 parts per thousand and with the oil mentioned previ- 
ously. It ran somewhat unsteadily from 4000 rpm up to 4500 
rpm. It began to whirl at 4500 
rpm. The whirl built up slowly 
around the equilibrium position 
of the center of gravity of the 
overhung mass, in the natural 
frequency of the rotor. The 
rate of increase in the energy 
of whirling was approximately 
0.005 watt in the early stages 
of development when the am- 
plitude of movement was only 


> 


It was found that this rotor 
whirled feebly at speeds above 5000 rpm with bearings of the 
non-whirling design, the instability increasing very gradually 
with increasing speed. For further study of this matter a third 
shaft was made with a 6-in.-long bearing and a greater overhang. 
This is shown in Fig. 12. 

This rotor had a critical speed of 1025 rpm. The load at the 
main bearing was 115 lb and the overhang, measured from the 
center of the bearing to the center of gravity of the overhung mass 
was 1.3 times the distance between bearing centers. It whirled 
at 2600 rpm in a conventional bearing and with non-whirling 
bearings the whirling developed at 3000 rpm. The behavior 
was similar to that of the rotor with bell-shaped overhang in that 
the whirling built up gradually about the equilibrium position. 
In this case the overhang was greater, compared to the dis- 
tance between bearings, and the overhung mass was much heavier, 
thereby giving a lower critical speed. 


Fig. 11 PxorograpHic Micro-Morion-PicTuRE AppaRATUS SET- 
Ur to OpservE SHAFT VIBRATIONS 


It appears that rotors with relatively long, heavy overhangs 
show a very positive development of the oil-film whirl which is 
somewhat reduced but not obviated by the bearing design de- 
scribed above. From the point of view of theory it appears also 
that rotors having the same critical speed are not necessarily 
equivalent in their whirling tendencies since rotors in the same 
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critical speed range but having their mass between the bearings 
do not whirl with these non-whirling bearings. 


THEORIES OF WHIRLING Dus To O1-Fitm AcTION 


The phenomena of shaft vibration or whirling due to oil-film 
action have been discussed recently on the basis of hydrodynamic 
theory. 

Stodola‘ discovered indications in theory that “critical speeds” 
may result from behavior of the oil film. The matter was ampli- 


Fig. 12 Ssart No. 3 ror Hieu-Sppep Brarine Tests Wits 42-Ls Wricut SHRUNK ON 


fied and an experimental study was made by Charles Hummel,® 
a pupil of Stodola’s. 

David Robertson of the University of Bristol has published a 
valuable paper on the phenomena of whirling.® 

The Stodola theory expressly excluded any effect of shaft 
elasticity. The shaft of Hummel’s experimental apparatus was 
short and very stiff and operation was undoubtedly well below 
the critical speed. 

The theory is based on the equations for the half bearing. The 
conclusion is reached that below a certain speed limit of shaft 
rotation the journal is supported by the oil film in stable equilib- 
rium. When the shaft is running at any speed below that at 
which equilibrium becomes unstable, resonant vibration should 
build up due to the quasi-elastic behavior of the oil film if a peri- 
odie disturbance acts with the appropriate frequency. At two 
definite speeds the appropriate frequency is equal to the rotation 
frequency and consequently unbalance of the rotor acts to build 
up resonant vibration. Such speeds are therefore critical speeds 
due to oil film behavior. When the speed is increased above the 
critical value the vibration amplitude decreases. 

According to the theory, the position of equilibrium of the 
journal in the bearing approaches the bearing center as speed 
increases, and the equilibrium becomes unstable if the distance 
between bearing center and journal center becomes less than 
about two-thirds of the radial bearing clearance. Hummel re- 
ports that his shaft did not run smoothly above the calculated 
limit of stability of the oil film. 

The speed at which theoretical instability sets in depends on 
unit load, bearing clearance, peripheral speed of the journal, and 
oil viscosity. For our experimental shafts of very small weight, 
Nos. 1 and 2, the calculated limit of stable running is only a few 
revolutions per minute. Even when the bearing was loaded by 
the attraction of the electromagnets acting on the punchings 
which were mounted on the shaft (a non-massive load) the jour- 
nal ran nearly central in the bearing at the higher speeds. Con- 
sequently our experiments have been made in a field where theory 


4“Kritische Wellenstérung Infolge der Nachgiebigkeit des Oel- 
polsters im Lager,’’ by A. Stodola, Schweizerische Bauzeitung, vol. 
85, p. 265. 

5 “‘Kritische Drehzahlen als Folge der Nachgiebigkeit des Schmier- 
mittels im Lager,” by Charles Hummel, Forschungsarbeiten, V;,9.1- 
Heft 287, 1926. 

6 “Whirling of a Journalina Sleeve Bearing,’’ by David Robertson, 
The London, Edinburgh, and Dublin Philosophical Magazine and 
Journal of Science, ser. 7, vol. XV, Jan., 1933, p. 113. 
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indicates instability. The earlier studies were made with heavier 
shafts but in those cases also the speeds at which whirling de- 
veloped were well above the limits of stable operation indicated 
by the Stodola theory. 

Stodola points out‘ also that the theory of a full circular bear- 
ing indicates that whirling would build up if the conditions of 
clearance, load, speed, and oil viscosity are such that the journal 
center approaches the bearing center. This does not explain our 
oil-film whirl, however, since our journals run steadily at definite 
locations near the bearing center up to the speeds at which reso- 
nant whirling starts. 

It is interesting to note that in both of the theories cited, in- 
stability is indicated when, as in the case of light unit loading, the 
equilibrium position of the journal approaches the bearing cen- 
ter. We have found that with heavy unit loading, which causes 
the journal to run in a lower position in the bearing, the lowest 
speed at which whirling develops may be considerably more than 
twice the critical speed of the shaft. In other words, heavy unit 
loading which acts against development of the oil-film whirl ap- 
pears also in bearing theory as a factor making for stability. 

The oil-film critical speeds of the Stodola theory are apparently 
not related to our oil-film whirl since our whirl occurs only with 
an elastic shaft, the frequency is determined by the shaft rather 
than the oil film, and for other obvious reasons. The instability 
of the oil film indicated by theory may however have a bearing 
on the matter inasmuch as the conditions for theoretical insta- 
bility are satisfied when the oil-film whirl builds up. 

Dr. Robertson’s discussion is based on the theory of the full 
bearing. It is assumed that the journal is rotating about its own 
axis and whirling about the center line of the bearing. His theory 
explains the whirling of a vertical rigid rotor at a whirl frequency 
equal to half the running speed. 

The conclusions regardirg the horizontal rotor throw light on 
the force which maintains the whirl after it has developed to 
such an extent that the journal whirls substantially about the 
center line of the bearing. With horizontal (loaded) journal 
bearings, the whirl starts very gradually about the equilibrium 
position of the journal and in the natural frequency of the rotor. 
Dr. Robertson’s theory does not account for the early stages of 
the whirl. After the whirl has built up to a large magnitude so 
that the Journal whirls about the bearing center, the stimulus 
is represented, qualitatively at least, by the force Fnp of Dr. 
Robertson’s equation 4.25. 

Dr. Robertson’s theory does not account for the start of the 
oil-film whirl when a shaft is restrained from whirling while it is 
brought up to a speed more than twice critical speed and then 
released. 


ORIGIN AND DEVELOPMENT OF THE WHIRL 


Since the whirl is a resonant movement having the frequency 
of the rotor, the elastic properties of the rotor must be a major 
factor from the beginning. The whirl must start with a dis- 
turbance of the rotor and build up by energy fed back by the oil 
film. The action in detail must be as follows: 

The beginning must be a disturbance of the rotor causing it 
to vibrate in its natural frequencies. Disturbances are caused 
by building tremors, neighboring machines running out of bal- 
ance and by the unbalance of the rotor itself. It is not necessary 
to assume that such disturbances have the frequency of natural 
vibration of the rotor. Any shock or distortion sets up tremors 
in the natural frequencies of the distorted body. 

Any plane vibration of the rotor in its natural frequency is 
quickly converted into a whirl of the same frequency by the ac- 
tion of the oil film. This occurs as follows: 

The vibrating rotor causes corresponding movements of the 
journal. Movements of the journal change the bearing reaction 


of the oil film. When the journal is displaced from its equilibrium 
position and moving, the resultant of load and bearing reaction 
is not zero and undoubtedly it is not directed exactly toward the 
equilibrium position of the journal. Consequently the journal 
does not return to its equilibrium position, and a plane vibration 
of the rotor is thus converted into a journal whirl in the natural 
frequency of the rotor. 

When the journal is whirling in a minute spiral about its equi- 
librium position, the resultant of load and oil-film reaction un- 
doubtedly has at any instant a component tangential to the di- 
rection of motion. When such a component is in the direction 
of motion the whirl builds up and the journal center spirals 
outward. When the tangential component is in the opposite 
direction the journal spirals inward and the whirl dies out. Such 
a tangential component must vary from point to point of the path 
of the journal whirl and it may change sign in the course of one 
whirl. However, if the integrated effect of the tangential com- 
ponents of the bearing reaction adds energy to the whirling mo- 
tion of the rotor, the whirl of the journal builds up. This whirl 
in turn, since it has the shaft frequency, builds up the whirl of 
the shaft. We have therefore a sensitive feed-back system when- 
ever the integrated effect mentioned above is in the right sense. 

It appears that this integrated effect increases the energy of 
the whirling motion provided the speed of rotation is, in general, 
twice or more than twice the whirling speed, otherwise such in- 
tegrated effect is in the opposite sense. This condition may be 
expressed in the following form: 


fsa >0 when w >dw. 


Where f; represents the tangential component of the resultant 
force acting on the journal, w represents the speed of rotation of 
the shaft, w. represents the whirling speed, and a represents some 
number, approximately equal to 2 in the cases studied and covered 
in this paper. 

Since the incipient vibration of the rotor mass is of very small 
amplitude, and since an elastic shaft intervenes between the mass 
and the journal, the first movements of the journal out of its 
equilibrium position must be very minute but even these minute 
displacements arouse the component of the restoring force of the 
oil film that builds up the whirling. 

While the journal whirls very near its equilibrium position 
in the early stages of the development, the whirl of the rotor 
mass may later build up to large amplitude so that the reaction 
at the bearing due to the centrifugal tendency of the whirling 
mass exceeds that due to the weight of the rotor. In this stage 
the tangential component of the oil film reaction is considerable 
since it supplies all the energy consumed in the whirl, which in- 
volves energy-consuming deformations of the entire structure. 

For shaft speeds only slightly above twice the shaft critical 
speed the oil film stimulus is small and variable in sense, becom- 
ing larger and more positive at higher speeds. With a heavy- 
unit bearing loading the whirl does not build up unless the shaft 
speed is considerably higher than twice the critical speed of the 
shaft. In a speed range slightly above twice the critical speed 
of the shaft the whirl sometimes builds up somewhat and then 
dies out. 

It is well known that critical speeds, that is, speeds at which 
resonant vibrations of rotating shafts develop, are affected by 
elasticity of the bearing supports, such elasticity reducing the 
shaft critical speeds. We have made tests to determine whether 
or not such elasticity of bearing supports affects the whirling of 
the shaft due to oil film action. It appears, as would be expected, 
that such whirling starts at reduced speeds corresponding to the 
reduced critical speeds and that the frequency of the whirl is that 
of the reduced critical speed. 


—— 
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Finally, further tests showed that the feed-back effect is greater 
when the overhanging mass is relatively heavy and the overhang 
great. 

These remarks apply to all of the rotors used in our labora- 
\tory study and to larger machines in the field. Critical speeds 
have ranged from 600 rpm to 8500 rpm. Bearing pressures 
have ranged from 1 lb per sq in. to over 200, and speeds have been 


| run up to 30,000 rpm, and 16,000 fpm. Shaft diameters have 


varied from one inch to twelve inches; bearing supports have 
been very rigid and again intentionally flexible. Bearing clear- 
ances have varied widely. Throughout this entire range of con- 
ditions a feed-back characteristic of the oil film has developed in 


~ general when the shaft speed has exceeded twice the speed of its 


whirling in the natural frequency. 
Studies based on hydrodynamic theory have not yet accounted 
for the early stage of the oil-film whirl. An explanation is needed 


~ of the energy input from the oil film to a minute whirling motion 


of the journal about its equilibrium position, when the rotation 


') speed is approximately twice the whirling speed or greater. 


Another shaft-whirling phenomenon was reported’ a few years 


,ago. This is maintained by a different feed-back mechanism, 
- namely, internal friction of the rotor, due to working of shrunk- 


on members. In such cases the whirl undoubtedly originates 
from shaft vibration. After the whirl is started the restoring 
force, due to shaft elasticity and cramping action of the shrunk- 
on member, has a tangential component which is in the direction 
of whirl if the speed of rotation exceeds the critical speed of the 
shaft. The whirl builds up, therefore, until the energy con- 
sumed in working of non-rotating parts of the structure and in 
increased bearing friction equals the energy fed back to the 
whirl by working at the fits on the rotor. 

The expression “shaft whirling due to action of the oil film” 
is cumbersome and unsatisfactory in other respects. The ex- 
pression “shaft whipping” is unsatisfactory also since the word 
“whip” is frequently and properly used to designate motion of 
an overhung shaft. The name “oil-film whirl’? seemed more 
appropriate. If this is acceptable the whirling described in the 
1924 paper’ and called “shaft whipping” might be called the 
“cramped shaft whirl.” 
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Discussion 


R. P. Kroon.’ It has been brought out that the downward 
load on the journal due to the oil pressure developed in the upper 
half of the new bearing is not sufficient to account for the non- 
whirling characteristic. If this is the case, would the authors 
be able to tell what particular change in the oil flow affects the ten- 
dency of the journal to whirl. It seems to be a fact that quite 
a few bearings in the field have been made “non-whirling” by our 
service department simply by scraping away part of the bearing 
area. A hydrodynamic theory, if adequate, would probably 
explain quite a few practical points in the behavior of the whirl 
which, until now, appear mysterious. 

In this respect the article,® “Whirling of a Journal in a Sleeve 
Bearing,” by Dr. Robertson which is mentioned in the paper is 
interesting. Dr. Robertson has attempted to attack the prob- 


7 “Shaft Whipping,” by B. L. Newkirk, G. E. Review, Mar., 1924, 
p. 169. 

8 Experimental 
ing Company, South Philadelphia, Pa. 
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lem by a straightforward theoretical analysis but fails to come 
to conclusions which explain the physical facts. He is able to 
find, for speeds exceeding twice the critical speed, a force on the 
journal normal to the eccentricity, in other words pushing the 
journal around, but states that the oil force along the eccen- 
tricity is zero when there is no radial movement of the journal 
center. This is obviously not in line with what experience has 
shown about any horizontal non-whirling bearing. After equat- 
ing the elastic force of the flexible rotor to the oil-whirl driving 
force, Dr. Robertson states that as the shaft speed is raised above 
twice its critical value, the eccentricity should decrease, and, at 
a certain limiting speed, the whirl should disappear. This is not 
what happens in the actual case, where the relations between the 
oil-whirl driving force and the damping are apparently such that 
the eccentricity usually increases with increasing speed. It 
seems, therefore, that a theoretical solution still has to be de- 
veloped. 


Davip Rogertson.? The authors are to be congratulated on 
finding a form of bearing which in most cases eliminates whirling 
at high speeds caused by the action of the oil in the bearings. 
It would add to the interest of their paper if they would reveal 
the process by which they arrived at the design shown. Were 
they guided by some sort of theory or did they merely make a 
lucky shot in a series of trials? 

They have certainly set some new problems to those who deal 
with the theory of lubrication because the ordinary statement of 
that theory will not account for the building up of the pressure 
all round a groove of constant depth, and will find some difficulty 
in explaining the stability which the new bearing gives. 

The two outer portions of this bearing completely surround 
the journal. Without allowing for the end leakage which, how- 
ever, is a very important factor with this bearing, we should have 
a maximum pressure in these rims at about 135 deg and a mini- 
mum at about 225 deg. It is probable that these rims re- 
ceive their oil by endwise flow from the groove between 180 deg 
and 300 deg and that the pressure inside the groove is sufficient 
to prevent the ingress of air to that low-pressure region from the 
ends of the bearing. 

Endwise flow evidently plays a very important part in the 
action of these bearings and it is doubtful whether any satis- 
factory quantitative theory can be built up for them. 

The force and couple transmitted by the shaft to each bearing 
must be balanced by the oil forces on the journal. Since the 
directions of the latter forces, and of the couple which they pro- 
duce, have some definite relation to the distribution of the journal 
eccentricity along its length, both in direction and amount, a 
steady whirl must correspond to some journal position in which 
this relation is stably satisfied. 

Working on these lines, the writer has studied several cases 
in which forces only, and no couples, act on the journals, and has 
made model experiments which give a general confirmation of 
the theoretical results arrived at. A paper on the subject is now 
in preparation but asit will not be ready for publication for some 
time a summary of the results may be given here. 

With very little or no lubrication, the friction between the 
journal and the bearing drives the journal center backward, and 
can maintain, and even start, a backward whirl which runs 
just below the critical speed, provided the shaft speed exceeds 
a certain limit which is only a fraction of the whirl speed. 

The whirl speed remains practically constant at all shaft speeds 
above that which corresponds to that of the journal when rolling 
around inside the bearing without slipping. 
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With lower shaft speeds, the whirl speed adjusts itself to the 
rolling condition and, at a particular speed, it suddenly stops. 

As expected from the theory, the backward whirl ceases as soon 
as the bearings are filled with oil and cannot be restarted until 
most of the oil has run out. There was, however, one notable 
exception to this statement. 

With the model running vertically, hung from a ball bearing 
at its upper end and the bottom of the 1/,in. shaft in a °/s-in. 
diameter bearing immersed in a pool of oil, the journal would not 
stay in the central position but would whirl forward in the man- 
ner already described from theory® by Dr. Robertson and men- 
tioned by the authors. This whirl was a very slow one, probably 
because the ball bearing offered a lot of resistance to that kind 
of motion and the oil forces would be quite small with such ab- 
normal bearing clearance. 

But to our surprise, a stable high-speed backward whirl could 
be started by plucking the shaft and occasionally it would arise 
spontaneously. Most unexpectedly, it was found to run at pre- 
cisely the same speed as it did when the bearing was dry, 
thus indicating that the angle of friction was the same in both 
cases. 

It still remains a puzzle how the forward or the backward 
whirl can be equally well maintained by the same bearing under 
the same conditions with no change whatsoever beyond the mere 
starting of the backward whirl. The one whirl requires a for- 
ward component and the other a backward component of the 
force acting on the journal center. 

In connection with this work, the writer has been making a 
fresh study of Newkirk and Taylor’s paper on shaft whirling? with 
the object of finding the cause of the whirling at high shaft speeds. 

He has come to the conclusion that the oil has two distinct 
actions, the first depending on the force exerted on the journal 
when it is eccentric but substantially parallel to the bearing, and 
the second arising from the couple tending to tilt the journal when 
it does not lie in that direction. 

In the paper already mentioned, it is shown that the first 
action of the oil completely explains the ‘‘oil resonance whirl’ 
found by Newkirk and Taylor when the shaft runs just a little 
faster than twice its critical speed. It accounts for the whirl 
running at the critical speed and for its disappearance when the 
shaft runs too fast. 

The authors seem uncertain about the way in which this theory 
explains how the whirl restarts after the shaft has been steadied 
at the center of the bearing. Since the central position is un- 
stable, the least error in centering the journal or the slightest 
tremor from some external source is sufficient to start the journal 
on its outward journey. 

The second action of the oil probably accounts for the whirling 
at shaft speeds above the limit at which the first action ceases 
to be effective but the theory is still only in a nebulous state. 

When the journal moves away from its unstable central posi- 
tion, its two ends may move in opposite directions so that the 
journal assumes a tilted position and performs a conical whirl. 
Newkirk and Taylor observed this sort of motion in the bearing 
when it was free to move. 

The tilting of the journal throws the rotor out of balance but 
the unbalance rotates with the journal whirl, not with the shaft. 
Consequently, the rotor whirl it induces must also go at the same 
speed as the journal whirl. We may easily suppose that the mini- 
mum speed, at which the oil-pressure forces are sufficient to 
produce enough tilt, is often above that at which the first oil- 
induced whirl dies away. 

The eccentricity of the center of gravity of rotor which can be 
produced by tilting the journal within the limits set by the bear- 
ing clearance is much greater than that clearance. Hence the 
second oil-induced whirl’may have a larger amplitude than the 
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first and the amplitude may be expected to grow as the shaft 
speed increases for this causes the oil forces to increase. 

Further, the journal of a horizontal rotor is already tilted by 
the deflection due to gravity and may, therefore, be expected to 
give the second oil-induced whirl at a lower speed than when it 
is vertical. 

All these conclusions agree with Newkirk and Taylor’s experi- 
mental results and may also have some bearing on the present 
authors’ experience with rotors having a heavy overhang. 


C. Ricuarp SoprrBera.!® The phenomenon referred to as 
oil-film whirl appears to belong to an extensive group of vibra- 
tion phenomena, which may be called self-excited motions. It 
was covered by a separate paper! contributed by the Applied 
Mechanics Division, A.S.M.E., sometime ago and has proved to 
be of real practical significance in high-speed machinery. All that 
is needed is a vibrating system with ‘negative damping forces,’ 
that is, reaction forces which act in the direction of motion. Dur- 
ing a few years, we have encountered several obscure vibration 
phenomena which, upon closer examination, appeared to belong 
to this class. The most representative group is governor hunting 
phenomena. 

In those instances when we have run into the oil-film whirl, 
we have succeeded in eliminating it by modifications of the oil 
flow to the bearing. Some years ago, we used to have a “round- 
hole” type of bearing in our turbo-generator test arrangement. 
They very frequently gave rise to oil-film whirl, which at one time 
presented a very baffling problem. It was eventually overcome 
by side relief of the bearings. Our standard bearing with a 
pronounced side relief and only 90- to 120-deg active support- 
ing arc has given rise to this problem in only a few rare cases 
which have been taken care of by detail modifications of the same 
nature. 

The paper presents a welcome addition to this obscure subject 
and the authors are to be congratulated on their very complete 
results. 


M. Sroner.!2, The paper covers a very interesting and origi- 
nal research into a bearing problem that has had many exposi- 
tions during the past ten years or so. The authors’ experiments, 
leading to a practical method of reducing the whirling in bearings, 
form the type of investigation that is all too infrequent. 

As to the theories of shaft vibration as affected by bearing oil 
films, there is much that remains controversial however. As 
a result of Stodola’s and Hummel’s work mentioned in the paper, 
this discussor undertook an investigation of such phenomena on 
large power machines. Very sensitive electromagnetic instru- 
ments, measuring the position of the shaft in its bearings to an 
accuracy of 10~5 in. were mounted on the 9 in. X 18 in. bearings 
of a 10,000-kw, 900-rpm synchronous condenser. In this way 
the motion of the shaft in the hydrodynamic-force field was ob- 
tained accurately. At the same time, pedestal vibrations were 
measured with a Geiger vibrograph. Tests were run at various 
speeds from zero to 900 rpm and for perfect and poor mechanical 
balance. The results were briefly: (1) No relation between 
shaft motion and pedestal motion. The latter showed a reso- 
nance condition, for example, where none was revealed in the 
former. (2) Motions of shaft in the bearing were so large (0.003 
in.) that corresponding critical speeds should be very low, where- 


10 Manager, Turbine Apparatus Division, Westinghouse Electric 
and Manufacturing Co., 8. Philadelphia Works, Philadelphia, Pa. 
Mem. A.S.M.E. 

11 “Self-Induced Vibrations,” by J. G. Baker, A.S.M.E. Trans., 
1933, paper APM-55-2. . 

12 Mechanical Engineer, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 


APPLIED MECHANICS 


‘as the actual pedestal critical speeds were practically as calcu- 
lated, not including the apparently very great flexibility in the 
film itself. This work will be published later. 

In Robertson’s paper, referred to by the authors, assumptions 
“are made that far from represent the actual hydrodynamic con- 
‘ditions in bearings, such as, for example, that the equilibrium 
position of a shaft in a horizontal bearing is when the two center- 
lines are on the same level, etc. Admittedly, an accurate analy- 
sis of these phenomena is very complex—but there is much to be 
discarded and much more to be carefully scrutinized in the al- 
teady published works on the question. 


AutTHorS’ CLOSURE 


In response to Mr. Kroon’s request for our views of the 
mechanism of oil-film behavior in our bearing we can only repeat 
the suggestions made in the paper that reduction of lifting power 
) due to the central groove in the bottom, and downward pressure, 
‘increasing with increasing speed, due to oil pressure in the top 
seem to make for stability. A satisfying answer to this question 
must wait until the hydrodynamic equations are set up for this 
case and adequately discussed. 

It was stated in the 1925 paper that increased unit loading, 
accomplished by removing some part of the bearing area raised 
the speed at which whirling would develop. This might well 
\prove a valuable help in cases of trouble in the field. 

Dr. Robertson inquires about the process by which we arrived 
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at the design shown. In the view that bearings of conventional 
design run with considerable air in the clearance in the upper 
half we thought a dashpot effect might develop if the upper half 
could be kept full of oil. The first forms of our bearing were 
designed to accomplish this. A reduction in the whirling ten- 
dency was noted and further modifications were made to perfect ° 
the performance of the bearing. Later a careful study was made 
with this bearing and with conventional bearings of the amplitude 
of critical speed whirling and of the rate at which vibrations die 
out. It did not show any marked advantage for our bearing in 
dashpot or damping action. 

While the developments of Dr. Robertson’s theory are in- 
teresting and suggestive the conclusions must be accepted with 
reservation because the theory of the full circular bearing which 
Dr. Robertson has taken as his basis leads to conclusions known 
to be considerably at variances with observed behavior of 
journals and oil films in bearings. 

The backward whirl has been observed in our work. A shaft 
may whirl at its resonant frequency in either direction if an 
appropriate tangential stimulus is present. Oil-film action and 
Coulomb friction act in opposite directions and either may 
maintain a whirl. 

Mr. Soderberg reports that side relief of the bearings has 
proved effective in overcoming whirling tendencies. We have 
found this helpful but not so effective (for example in the case 
of light, high-speed shafts) as the bearing now proposed. 
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' The problem of stress-concentration effects, produced by 
‘soles and notches in bars under tension is, of interest to 
-machine designers. The present paper describes photo- 
slastic tests and strain measurements to determine these 
sffects more accurately than has been done heretofore, a 
more accurate extrapolation method being employed in 
sonnection with fringe photographs. Stress-concentra- 
‘tion factors thus determined were, in general, higher than 
those obtained by previous investigators. 
mathematical calculations 
thecked these. 


are also given. 


In cases where 
were available, the tests 
Empirical equations for use in calculation 


ECAUSE of the importance in machine design of tension 

| Benes having holes, notches, or other discontinuities, the 

problem of the stress-concentration effects produced by 

ithem is of practical interest. This is especially true where fatigue 

conditions areinvolved, 

since as is well known 

in such cases the en- 

durance strength is 

markedly lowered by 

such ‘stress raisers” 

even though the ma- 

terial be quite ductile. 

The problem has there- 

a fore been receiving con- 

siderable attention in 
recent years.* 

Such fundamental 

w cases as those repre- 

sented in Fig. 1 are of 

importance in connec- 

tion with fatigue tests 


| on grooved specimens 

or specimens having 
(a) (b) holes. A review of the 
Fic. 1 Bars Unprr TENSION literature, however, 


) 1 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
Mem. A.S.M.E. Dr. Wahl received his education at Grinnell 
College and Iowa State College, being graduated from the mechanical 
engineering course of the latter in 1925. He then entered the employ 
of the Westinghouse Electric & Manufacturing Company as 4 
graduate student. In 1927 he received his M.S. and in 1932 his Ph.D. 
degrees from the University of Pittsburgh. Since 1926 he has been 
engaged at the Research Laboratories of the Company on problems 
of applied mechanics, particularly in the field of stress analysis. He 
was the recipient of the 1929 A.S.M.E. Junior Award. 

2 Westinghouse Research Laboratories, East Pittsburgh. Mr. 
Beeuwkes was graduated from the University of Washington in elec- 
trical engineering in 1930 and then took the mechanical design school 
course of the Westinghouse Electric & Manufacturing Company. He 
has since been working on questions of applied mechanics and the 
creep of metals in the Research Laboratories. 

3 “Stress-Concentration Phenomena in Fatigue of Metals,’ by 
R. E. Peterson, A.S.M.E. Trans., 1933, APM-55-19. 

“Die Kerbe,” by F. Laszlo, Zeit. V.D.I., June 16, 1928, p. 851. 

“Die Kerbwirkung,”’ by A. Wewerka, aschinenbau, vol. 8, p. 33. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tur AmpRICAN Society or MEcHANICAL ENGINEERS. 
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Stress Concentration Produced by 
Holes and Notches 


By A. M. WAHL! anp R. BEEUWKES, Jr.,? EAST PITTSBURGH, PA. 


failed to reveal accurate data on theoretical stress concentration 
factors for the complete range of variation of the ratio of the 
diameter, d, of the hole or notch to the width, w, of the bar, or 
d/w. An analytical solution for the case shown in Fig. 1(a) for 
values of the ratio d/w less than 0.5 was obtained by Howland‘ 
but no accurate experiments were cited to confirm the results of 
the calculations. A very rough agreement was obtained with 
some tests made by Coker’ who also tested both cases of Fig. 1 


FINE 
SCRATCHES 
(a) (b) (Cc) 
Fic. 2 SHAPES OF SPECIMEN TESTED 


using celluloid specimens. However, as Coker himself states, 
at the edge of the hole or notch where the maximum stress occurs 
the accuracy of his tests was not great. This was due to the fact 


4“On the Stresses in the Neighborhood of a Circular Hole in a 
Strip Under Tension,” by R. C. J. Howland, Phil. Trans. Royal 
Soc. of London, A 229 (1929), p. 49. 

5 “The Effects of Holes and Semi-Circular Notches on the Distribu- 
tion of Stress in Tension Members,” by E. G. Coker, Proc. Phys. 
Soc., 1912-1913, p. 95. 

“Photoelastic and Strain Measurements of the Effects of Circular 
Holes on the Distribution of Stress in Tension Members,”’ by E. G. 
Coker, K. C. Chakko, and Y. Satake, Proc. Instn. of Engrs. and 
Shipbuilders in Scotland, 1919-1920, p. 34. 

“Stress Distributions in Notched Beams and Their Application,’’ by 
E. G. Coker and G. P. Coleman, Trans. Instn. Naval Arch., 72 
(1930), p. 141. 

“Stress Concentrations Due to Notches and Like Discontinuities,”’ 
by E. G. Coker and P. Heymans, Annual Rept. Brit. Assn. Advance- 
ment of Science, 1921, p. 291. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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(a) Before Loading 
Fig. 3 


that the compensation method was used to determine the stress, 
a method that is particularly difficult to use at a localized point of 
stress concentration. Coker’s results, nevertheless, were valu- 
able as a first attack on the problem. 

Tests using an extensometer were also made a long time ago 
by Preuss. These are again not as accurate as might be desired 
because of the finite gage length required and because of the lack 
of sensitivity in extensometers of short gage length. These tests, 
however, do represent an excellent pioneering attack on the prob- 
lem of photoelastic stress determination. 

More recently, since the present investigation was started, the 
case represented by Fig. 1(a) was studied photoelastically by A. 
Hennig’ using specimens made of optical glass. The results he 
obtained agree quite well with those obtained herein for values of 
d/w less than about 0.7. 

Because of the lack of accurate data on stress-concentration 
factors for these cases it was decided to make some additional 
photoelastic tests and strain measurements. The fringe method, 


6K. Preuss, Forschungsarbeiten (Mitteilungen iiber Forschungs- 
arbetten), V.D.I., no. 126, 1912, and no. 134, 1913. 

7 “Polarisationsoptische Spannungsuntersuchungen am gelochten 
Zugstab und am Nietloch,” by A. Hennig, Forschung auf dem Gebeite 
Ingenteurwessens, V.D.I., vol. 4, no. 2, p. 53. 
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(b) After Loading 


Specimen WiTH Hicu Epes Stress 


as developed by Tuzi,? Mesmer,® Frocht,!° Solakian and Kare- 
litz,1! and Baud!? was applied. Tests were made on bakelite 
specimens of the shape shown in Figs. 1 and 2 to cover the 
complete range from d/w = 0 to d/w = 1. In addition some 
tests were made on a large steel specimen having a hole with a 
diameter almost equal to the width and of a size large enough so 
that accurate strain measurements could be made with Huggen- 
berger extensometers. 


Trst SPECIMENS 


The types of test specimens used are shown in Fig. 2. It will 


8 Z. Tuzi, Inst. Phys. and Chem. Research, Tokyo, vol. 8, p. 247, 
and vol. 12, p. 21. See also footnote 10, discussion to Dr. Frocht’s 
papers. 

9 “Vergleichende Spannungsoptische Untersuchungen und Fliess 
Versuche unter Konzentriertem Druck,’”’ by G. Mesmer, Zeit. fiir 
Technische Mechanik und Thermodynamik, V.D.I., vol. 1, nos. 2 and 3, 
Berlin, 1930. 

10 “Recent Advances in Photoelasticity,”’ by M. M. Frocht, 
A.S.M.E. Trans., 1931, APM-53-11. 

“Kinematography in Photoelasticity,”’ by M. M. Frocht, A.S.M.E. 
Trans., 1932, APM-54-9. 

11 ‘‘Photoelastic Study of Shearing Stresses in Keys and Keyways,”’ 
by A. G. Solakian and G. B. Karelitz, A.S.M.E. Trans., 1932, 
APM-54-10. 

12 R. V. Baud, Jour. Optical Soc. Am., vol. 21, 1931, p. 119. 


5e noted that in each case the test piece was designed so that the 

stress was substantially uniform along a considerable portion of 

she specimen. By plotting the loads on the specimen against 

‘ringe order in the uniformly stressed portion, a calibration curve 
sould be obtained thus permitting the determination of the stress 
per fringe for the material. In some cases a calibration bar in 
\\bending, such as employed by other investigators, was used but 

the results obtained in this manner were practically the same as 

those obtained by using the aforementioned method which was 
easier to apply in this case and which in our opinion was fully as 
‘Accurate. The specimen shown in Fig. 2(c) permits the calibra- 
) tion to be made at a higher stress in the straight portion without 
\producing an excessive stress in the minimum section at the 
notch. 

On each of the test specimens fine scratches were made 
parallel to the axis of the specimen and in close proximity to the 
‘hole or notch. The purpose of these scratches was to permit the 
‘exact determination of the true edge of the hole or notch on the 
photograph. This was done by measuring the distance from the 
scratch to the edge of the hole or notch on the actual specimen 
using a microscope or a comparator. Then, knowing this dis- 
tance and the actual magnification, the location of the true edge 
could be accurately determined on the photograph. It was 
necessary to know this location accurately since in most cases the 
} &tress gradient near the edge was fairly steep and in consequence a 
slight error in the location of the edge would make a relatively 
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great difference in the magnitude of the measured stress. In all 
cases, as will be discussed later, it was found necessary to extra- 
polate the stress difference curve to the true edge, which in each 
case was found to be slightly inside the apparent edge as shown 
by the photographs. (See Figs. 6 to 8.) 

The test specimens were prepared from specimens of bakelite 
annealed by a process similar to that used by Mesmer,? Frocht, !° 
and Solakian and Karelitz.1! It was necessary to select certain 
of the best pieces of bakelite for use in preparing specimens, since 
it was found that some of the samples retained residual stresses of 
considerable magnitude even after repeated annealing. This is 
in agreement with results obtained by Tuzi* and indicates that it 
is of importance to get material suitable for annealing in order to 
obtain satisfactory results, particularly when high accuracy is 
desired. 

The test specimens were prepared by first annealing them and 
then machining them to size, care being taken to see that the final 
machining cuts were very light so as to introduce as little residual 
stress near the edge as possible. Precautions were taken also to 
carry out the photoelastic tests as soon as possible after comple- 
tion of the machining operation since it was found that in a short 
time, the specimens would develop an edge stress which makes 
the determination of the maximum stress very difficult, if not 
impossible. This is illustrated by Fig. 3 which shows two photo- 
graphs of a specimen, in the loaded and unloaded condition, and 
having the edge effect in both. The edge effect was produced by 
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rather heavy machining cuts and by allowing the specimen to 
stand a few days before testing. It may be readily seen that a 
sudden discontinuity in the stress near the edge such as exists in 
this particular specimen would make an accurate extrapolation 
of the stress curve to the true edge almost impossible. 

Fig. 4 shows two pictures of a specimen machined and tested 
with these precautions in mind. It may be seen that by careful 
attention to these details such edge effects may be practically 
eliminated. The scratches mentioned previously are plainly 
visible both in these two pictures and the two shown in Fig. 3. 


ProcepurE IN Maxina Trsts AND DETERMINING RESULTS 


In carrying out the tests monochromatic light was employed, 
-a mercury vapor lamp with an appropriate filter being used. 
The specimens were stressed at 3000 to 3500 lb per sq in. in the 
most highly stressed portions. This is approximately the pro- 
portional limit for the material. Photographs were then taken of 
the fringes. A view of one of the specimens mounted in the 
photoelastic apparatus is shown in Fig. 5. Typical photographs 
of various specimens tested are shown on Figs. 6,7,and8. At the 
time of making the photographic exposures, a calibration curve to 
find the stress per fringe was taken by loading the specimen and 
observing the fringe order of a uniformly stressed portion of the 
‘specimen as mentioned previously. This curve in all cases was 
found to be practically a straight line. 
In working up the results the mean stress at the minimum 
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section was determined from the known load and the dimensions 
of the test piece. The maximum stress was determined by 
plotting the fringe order against the distance from one of the 
scratch marks at the minimum section and extrapolating this 
curve to the true edge. Two typical curves showing these 
extrapolations are given in Fig. 9. In many cases, as for ex- 
ample in the case of Fig. 6, it was necessary to use a microscope 
since the fringes were very fine and close together. It was always 
found that one side of the specimen was stressed slightly higher 
than the other due to small eccentricities of loading, etc. To 
eliminate this effect in working up the results an average value 
for the two opposite sides was taken. 


Resvuts oF TESTS 


For the case of the test specimens with holes, the test points 
obtained in this manner are shown by the small circles in Fig. 10 


EXTENSOMETER 
POINTS 


1400 PSI. 


STRESS DISTRIBUTION AS 
MEASURED AT MINIMUM 
SECTION 


Fic. 12 Bar Wire Larce House 


where the stress concentration factor, or ratio of maximum stress 
at the minimum section to the mean stress at this section, is 
plotted against the ratio d/w. The full line represents the mean 
of the test values. For comparison the calculated results ob- 
tained by Howland‘ are shown by the dotted curve, the experi- 
mental results of Hennig? by the dot and dash curve and small 
triangles, those of Preuss® by the half-filled circles, and those 
calculated from tests made by Coker® by the heavy dots. It will 
be seen that the present test results closely check the mathe- 
matical results of Howland for values of the ratio d/w less than 
0.5. This is a confirmation of the relative accuracy of the 
method. They also check the experimental results of Hennig for 
values d/w less than about 0.7. The values calculated from the 
experimental results by Coker are, in general, considerably below 
the present results. This is due probably to the fact that he used 
the compensation method which is very difficult to apply right at 
the edge of a specimen and which tends to give an average value 
of stress near a localized point of stress concentration rather 
than the peak value. For this reason it would be expected 
that the test results thus obtained should be lower than the true 
values as is, indeed, the case. The fact that extensometer 
measurements require a definite gage length, and are not as 
accurate for small gagé lengths, probably accounts for the dis- 
crepancy between the results of Preuss and the present results. 
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The single point in Fig. 10 for a value of d/w = 0.97 represents 
a test on a steel model which will be described and discussed 
more fully later. 

A similar curve for the case of a notched bar is shown in Fig. 
11, the half-filled circles and heavy dots representing values 
calculated from tests by Preuss® and Coker.® Again it may be 
seen that for reasons mentioned previously, the present test 
curve for the most part lies considerably above the points ob- 
tained by Coker or Preuss. It will be noted that this curve 
tends to intersect the zero value of d/w at some distance below 
the value 3, namely 2.75. A value between 2 and 3 would be 
expected from theoretical considerations. It also approaches 
unity for ratios d/w near to 1, which also would be expected. 

The following empirical equations for the stress concentration 
factor K give results agreeing approximately with the test results: 
For a bar with a hole, under tension: 


K = 3— 3.13d/w + 3.76(d/w)? — 1.71(d/w)?..... {lJ 
For a bar with a notch, under tension: 


K = 2.75 — 2.75d/w + 0.32(d/w)? + 0.68(d/w)’.... [2] 


se 7 


Fie. 13. Test on Stent Move. 


In all cases d/w is the ratio of the hole or notch diameter to the 
width of the bar. 


Tests on STEEL Bar WitH Larce HOLE 


In the case of a bar having a large hole with a diameter almost 
equal to its width, such as shown in Fig. 12, it would naturally 
be thought that very little stress concentration would exist. For 
example, the curve shown by Hennig’ is drawn so as to approach 
unity ford/w = 1. To check this and at the same time to avoid 
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the difficulty of making optical tests on such a specimen, it was 
decided to make measurements on a steel model as shown on Fig. 
13, using an extensometer with a gage length of 0.3 in. and a hole 
of 4-in. diameter in a 4!/;-in. wide plate (d/w = 0.97). It was 
found possible to place the extensometer points on the inside of 
the hole as indicated in Fig. 12, which shows the relative size of 
the hole as compared to the gage length. Since it is known that 
for such a thin section the stress distribution must be linear, the 
stress concentration factor may be found by dividing the stress 
readings on the inside of the hole by the average value between 
the stress obtained on the outside (see Fig. 13) and that obtained 
on the inside (see Fig. 12). The stress on the inside was found 
to be 28,100 lb per sq in. and that on the outside only 1400 lb per 
sq in., giving K = 1.91 for a load of 450 lb. As a check, the 
mean stress across the minimum section could be found from the 
known loads. The maximum stress measured on the inside at 
points, d, divided by this mean stress then gives the stress-eon- 
centration factor. The two methods gave results agreeing 
within 1 per cent, the average value of K being 1.92. In order to 
eliminate inaccuracies due to a slight eccentricity of loading 
average values on opposite sides of the specimen were used. 


. This value of K is roughly in agreement with results obtained by 


Coker and Filon,!? who mention that the stress on the outside of 
the bar seems to approach zero as d/w approaches unity, which 
would correspond to K = 2. 

Curves between load and stress on the inside of the hole 
(points d, Fig. 12) were found to be linear. The corresponding 
curves for points a and b were found to be roughly linear, although 
the exact shape of the curve at these points was very hard to 
determine because of the very small stresses involved. Measure- 
ments of the distance between points a and b (Fig. 12) indicate 
that these points approach each other during loading, the relation 
between load and deflection being again roughly linear. It may 
be seen that during loading the inward movement of these points 
is such as to increase the stresses on the outside (at points a and b), 
thereby reducing the stress concentration factor K below that 
which would be obtained for very small deformations, such as are 
assumed in elastic theory. It is possible that this is the reason 
for the value of K being 1.92, as obtained, rather than a higher 
value. In case the hole diameter so closely approaches the 
width of the bar that the minimum section becomes an infinitely 
thin filament, then for any finite deformation, this filament may 
move inward sufficiently to allow of a uniform stress distribution, 
thus giving K = 1. For infinitely small deformations relative to 
the thickness of this filament, however, K may still be equal to 2. 

The tests nevertheless indicate that, for a value of d/w = 
0.97, K = 1.92 with stresses on the order of those possible in engi- 
neering materials such as steel. They also indicate that the 
curve does not drop down to unity as fast as would appear from 
the curve given by Hennig (see Fig. 10). 


CONCLUSIONS 


The present tests on bars with holes agree closely with the 
mathematical results obtained by Howland. This agreement 
also suggests that the photoelastic method described, if pre- 
cautions to avoid undesirable edge effects are taken, offers an 
accurate means to determine stress concentration factors for 
various machine parts. 

The results indieate that for large holes having a diameter 
nearly equal to the width of the bar the stress concentration 
factor is not far from 2 in cases where the lateral displacements of 
the minimum section of the bar are small compared to the thick- 
ness of this section. 


13 “Photoelasticity,’”” by Coker and Filon, 
Press, 1931, p. 486. 
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The results obtained on bars with semi-circular notches indi- 
cate in general higher stress-concentration factors than those 
obtained by using the results obtained by previous investigators. 
This is to be expected, considering the difficulty of using the 
photoelastic compensation method right at the edge of a specimen 
or of applying extensometers with short gage lengths. The fact 
that the compensation method tends to give an average value 
near a localized point of stress concentration, rather than the 
peak value, also tends to explain this difference. 

Empirical equations are given for calculating the stress-con- 
centration factors both for tension bars with holes and for bars 
with semi-circular notches. 
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Discussion 


O. J. Horcer.'4 The authors have presented the stress-con- 
centration factors over a complete range in a satisfactory manner. 
The test procedure is accepted as giving accurate results which 
explain the deviation from previous data and in this respect the 
authors should be commended. 

While these concentration factors are of importance to the 
design engineer the presentation of this data is only the beginning 
of a study which should be pursued. Design problems often 
involve two stress-concentration factors, one due to shape and the 
other due to material. The present tendency toward reduced 
weights and costs of machine parts requires accurate knowledge 
of the factor of safety and demands consideration of these two 
factors separately. ‘Dauerfestigkeit and Konstruktion,” in 1932, 
by Dr. A. Thum and W. Buchmann discusses this phase and give 
some data. 

The extrapolation method employed is a worthy step in photo- 
elastic analysis. After reading a preliminary report of this 
paper extrapolation was followed in an experiment made by the 
writer. Contrary to the findings of the authors the true edge 
was not always found inside the apparent edge. In one case the 
distance from the scratch to the edge on the model was 0.115 cm 
while the apparent edge measured 0.253 cm and in the same 
photograph directly opposite, the true position on the model 
measured 0.482 cm against 0.443 cm on the photograph. Mea- 
surements were made with a comparator. 


M. M. Frocut.!® The paper by Messrs. Wahl and Beeuwkes 
may, for the purpose of discussion, be divided into two parts: 
one part dealing with a reexamination of factors of stress con- 
centration for two important engineering cases, and the other 
part dealing with suggestions for the determination of vague 
boundaries and the more accurate evaluation of boundary fringe- 
orders. 

The writer has had difficulties in determining the true bound- 
ary similar to those experienced by the authors but he has found 
it possible to eliminate these difficulties and to obtain stress 
patterns in which the true ‘boundary is clearly visible. Such a 
stress pattern is shown in Fig. 14. In order to determine the 
accuracy with which the boundary can be shown, two scratches 
were drawn on the model. One of these scratches was very 
fine and was subsequently determined to be in an interval of 
no more than 0.0025 in. from the edge, the other scratch was 


144 Ann Arbor, Mich. ; ; 
15 Photoelastic Laboratory, Dept. of Mechanics, Carnegie Institute 
of Technology, Pittsburgh, Pa. 


624 


considerably larger starting at 0.004 in. from the edge and having 
a width of about 0.006 in. These dimensions were determined 
very carefully when the edge of the model was machined after the 
photographs were taken. The larger of the two scratches is 
clearly visible in Fig. 14. The finer scratch can also be seen and 
is located between the white arrow-heads to the left of the 
model. Fig. 15 shows a stress pattern against a white back- 


Fic. 14 Baxertits MopEL IN COMPRESSION 


(Showing true boundary against a black background. 


Arrow-heads point 
to fine scratch on the edge of model.) 


ground instead of the conventional black background, from which 
it can be seen that this procedure adds to the clearness of the 
boundary. Inspection of the left edge reveals clearly the pres- 
ence of even the fine scratch engraved on the boundary. 

The writer prefers to take all the necessary precautions to 
obtain stress patterns in which the boundaries can clearly be seen 
rather than to determine these from engraved lines as suggested 
by the authors. 

The determination of boundaries from engraved lines and of 
boundary fringe-orders from extrapolation is in reality a much 
more difficult procedure than would seem to be the case on first 
thought. In the first place, the distance between scratches 
changes with the load so that for accurate determination of the 
scale of magnification these measurements should be carried out 
after the load is applied and just before photographing the pat- 
tern. Also, extrapolation is not a unique and definite procedure, 
so that the results would probably vary with the investigator. 
The procedure of extrapolation may introduce errors as great or 
greater than the ones it is trying to correct. However, if it is 
desired to determine the boundary-fringe value by extrapolation 
it is suggested that, in*tension members with holes or fillets, a 
circle concentric with the hole be inscribed rather than two 
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straight lines. There is a twofold advantage to the use of the 
circle over the straight line scratches: it calls for only one mea- 
surement and it gives greater accuracy. 

With respect to the results proper, the writer computed the 


dsl 
stress concentration factor, for a ratio— = 5 of a bakelite speci- 
w 


men 0.625 in. X 0.188 in. thick with a '/s in. hole, and the average 
of two values for two different loads was 2.52, against 2.51 given 
by the authors’ formula. The agreement between the authors’ 
curve and that of Howland lends additional strength to the reli- 
ability of the results. 

The writer observes with interest that the authors determined 
the fringe value from a pure tension rather than from a pure bend- 
ing test. This agrees with the procedure adopted in our more 
recent work. Experience has shown that it is simpler to deter- 
mine the fringe value from a tension or compression strip, and 
that the results are also more consistent. There is a special 
merit to it if the model in which the stresses are studied, as is the 
case in this instance, can be utilized as its own calibration piece. 


Fie. 15 BaxKeLits MoprEt In COMPRESSION 


(ShowingTtrue boundary against a white background. Arrow-heads point 
to fine scratch on the edge of model.) 


In connection with the question of fringe-value determination, 
the writer wishes to make two suggestions—first, that this value 
can be determined with great accuracy in a tension or compres- 
sion member by means of a good photometer, such as the photo- 
electric-cell type, thereby removing eye-strain and the subjective 
element of the observer; and, second, that fringe value be de- 
fined as the change in maximum shear stress necessary to cause a 
change from black to the next black or white to the next white, 
at any given point in a model of the given material 1 in. thick. 
At present the fringe value is associated not only with the ma- 
terial, but also with the thickness of the model. To obtain the 
fringe value for any particular model, it would only be necessary 
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to divide the fringe value for that material by the thickness of 
the model. This would simplify matters considerably and per- 
mit of easy comparison of relative optical sensitivities of different 
materials. 

AvutHors’ CLOSURE 

Dr. Frocht suggests that, by taking necessary precautions, 
the boundary of the test specimen may be made clearly visible 
on the photograph and that it is preferable to determine the 
true edge from such a photograph rather than by means of the 
extrapolation procedure used by the authors. In addition, as 
evidence of cases where the boundary is defined with sufficient 
clearness, he submits the photographs of Figs. 14 and 15. After 
examining these photographs, however, the authors do not feel 
that the edges were defined with greater clearness near the fillets 
than was the case in most of the tests made by them; it is also 
their opinion that the use of the extrapolation method would in- 
crease the accuracy of the determination of the peak stresses in 
the fillets of the models shown on Figs. 14 and 15. 

In connection with the use of the extrapolation procedure, 
Dr. Frocht mentions that the distance between the engraved 
lines on the specimen would change when the load is applied, 
and this would involve an error in determining the scale of magni- 
fication. However, it can be shown that this error is negligible 
for such stresses as are practicable with bakelite. For example, 
in most of the specimens used by the authors, the scratches em- 
ployed to determine the magnification ratio were about 1 in. 
apart while the contraction due to the applied stress amounted 
to about 0.001 in. as computed from the known values of stress 
and elastic constants. This would correspond to an error of 
0.1 per cent, a negligible value. Even if the stresses used were 
doubled, the percentage error would still be only 0.2 per cent. 
Since the distance between the scratch and the edge is measured 
in the unstressed condition, there is a further error in locating the 
boundary on the extrapolation curves, due to the contraction of 
the stressed material between the scratch and the boundary. 
The error in fringe order due to this cause may also be shown to 
be of negligible importance. Calculating the contraction from 
the known stresses and multiplying by the magnification ratio, 
the amount of error in locating the boundary on the extrapolation 
curves is obtained. From this, by reference to actual test curves, 
the error in fringe order may be found. Several tests were 
checked by the authors and in no case was the error due to this 
cause over 0.2 per cent. Hence, it may be concluded that errors 
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in the extrapolation procedure due to lateral contraction of the 
stressed material are negligible, at least for engineering purposes. 

It is true, as Dr. Frocht says, that extrapolation is not a defi- 
nite and unique procedure, and that there will be some variation 
with different investigators. The authors have found, however, 
that such variations are relatively small, particularly when com- 
pared to the possible errors resulting when the peak fringe values 
are determined merely by inspection. This checks with the ex- 
perience of Dr. Weibel!*® of the University of Michigan who found 
that much more consistent results could be obtained by the use 
of the extrapolation method than had been possible without it. 
For these reasons, the authors believe that a considerable im- 
provement in the accuracy of stress concentration determination 
is made possible by the use of this method. 

With regard to the use of circular lines engraved on the speci- 
men, as suggested by Dr. Frocht, the authors believe this would 
be of advantage in the case of fillets in tension or bending where 
the peak stress is at an unknown location along the fillet. In the 
cases tested by the authors, where the peak stress is always at 
the minimum section, the use of a straight line proved to be very 
satisfactory. It should be noted that it is rather difficult to 
make a fine circular scratch concentric with the fillet or hole, 
unless a special tool is used, while it is very easy to inscribe a 
straight line. The authors found that, for best results, an ex- 
tremely fine scratch was desirable since if a coarse one were used 
a further error in estimating the center of the black line on the 
photographs was introduced. 

With regard to Mr. Horger’s statement that design problems 
involve two stress concentration factors, one due to shape and 
the other due to material, it may be of interest to note that in 
certain cases, particularly as regards large specimens of high 
strength alloy steels, there appears to be some tendency for the 
fatigue stress concentration factors to approach those found by 
photoelastic or mathematical methods.1’ In such cases, then, 
these two stress-concentration factors mentioned by Mr. Horger 
may be considered as identical. The photoelastic test values, in 
these instances, would then give information of direct value to 
designers. The authors agree, however, that considerable addi- 
tional work is desirable on these and similar questions. 


16 &. E. Weibel, “‘Studies in Photoelastic Stress Determination,” 
A.S.M.E. Trans., vol. 56, 1934, paper APM-56-13. 

17 Note especially the discussion by Mr. R. E. Peterson of Dr. 
Weibel’s paper, A.S.M.E. Trans., vol. 56, 1934, APM-46-13. 
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Bending of Circular Plates With Large 
Deflection 


By STEWART WAY,! EAST PITTSBURGH, PA. 


In the design of thin plates bent by lateral loading, 


’ formulas based on the Kirchhoff theory which neglects 


stretching and shearing in the middle surface are quite 
satisfactory, providing the deflections are small compared 
to the thickness. If deflections are of the same order as 
the thickness, the Kirchhoff theory may yield results 
which are considerably in error and therefore a more 
rigorous theory which takes account of deformations in 
the middle surface should be applied. The fundamental 
equations for the more exact theory are known,’ and 
approximate solutions’ have been developed for the case 
of a circular plate. 

This paper gives the general solution of the fundamental 
equations for the case of a circular plate bent to a figure 
of revolution. Particular solutions are found which 
satisfy one of the two boundary conditions, and stresses 
and deflections are calculated from these solutions. By 
interpolation, the stresses and deflections are then found 
for plates satisfying both boundary conditions. The 
deflections are compared with experimental results and 
with the approximate formulas. It is found that these 
deflections agree closely with the experimental results 
and also with those obtained by the approximate methods 
of A. Nadai and S. Timoshenko, as shown in Figs. 8 and 10. 


FUNDAMENTAL EQUATIONS 


1 NOMENCLATURE 


ONSIDER an initially flat circular plate of uniform thick- 


ness and let 
Ga —rradius 
h = thickness 
p = load intensity, assumed uniform 


radial stresses 
circumferential stresses 


, ar, 
Tr Cry Ore = 


, Wes 
Ot, Ot,ot = 


z = distance from middle surface, downward direction 
positive 

r = distance from axis of symmetry to a point in the 
plate before deflection 

w = vertical displacement of points of the middle 
surface relative to the center of the middle 
surface 

Ce — dw/dr 

E = Young’s modulus 

= Poisson’s ratio 


1 Research Laboratories, Westinghouse Electric & Manufacturing 
Co., East Pittsburgh, Pa. 

2 Due to von Kirman, Enzyk. d. Math. Wiss., vol. 4, art. 27. 
See also A. Nadai, ‘‘Die Elastische Platten,’’ Springer, Berlin, 1925, 
p. 284. 

3 Solutions such as that by A. Nadai and discussed in this paper. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tur AMERICAN Socipty or MrcHaAnicaL ENGINEERS. This paper 
was prepared by the author as a thesis for a Doctor’s degree at the 
University of Michigan. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


D = Eh3/12(l1— u*) = flexural rigidity of the plate 

mr, m: = radial and circumferential bending moments 
per unit of length 

p = radial displacement of points in the middle surface 


Displacements and stresses are assumed to be functions of r only; 
that is, they have radial symmetry. 

Loads and deflections will be taken as positive when down- 
ward and moments as positive when they tend to make the plate 
concave upward. 


2 EXprRESSIONS FoR SrRESSES AND Moments IN TERMS OF 
DISPLACEMENTS 


Three assumptions are made as follows: 


(1) The material is homogeneous, isotropic, and obeys 
Hooke’s law 

(2) The curvature of a meridian may be replaced by d?w/dr? 

(3) Straight lines initially normal to the middle surface 
remain straight and normal to that surface after bending. 


It follows from the third assumption that if the radial and 
vertical displacements of every point in the middle surface are 
known the displacements of all points of the plate can be found. 

The radial extension in the middle surface is 


At a distance z from the middle surface there are the additional 
extensions due to bending 

Pw 
dr?’ r 


Cp cf 


The middle surface extensions give rise to the membrane 
stresses o,’ and o:’ which by Hooke’s law are as follows: 


The extensions due to bending give rise to the following bending 
stresses 


627 


628 


Summing the moments of o,” and o” from z = —h/2toz = 
h/2 the following are obtained: 


Eh3 de fs 7) 
Mr a 
12(1— nw) \ar * "r 


2 Ehuge | Sein 
te 19 Ar eae 


Hereafter o-” and o:” will be used to denote the outer-surface 
bending stresses which are given by 


A useful relation between p and the membrane stresses is given 
by Hooke’s law and is 


Pp 
r 


3 Retations BETWEEN ¢, or’, AND ot’ FOR EQUILIBRIUM AND 
CoMPATIBILITY 
In the preceding article, (2), expressions for the stresses in 
terms of the displacements were established. As the next step 
hey dr 


prdrde 


Me mr + ame dr\r+dr) de 


h(or+ 2 drXr+dr)de 


hCrzt an dr)(r+dr)de 


hoy dr 


Fia. 1 Conpition oF RADIAL EQUILIBRIUM 


either two equations can be set up, which the displacements 
w and p must satisfy, or three equations can be constructed for 
¢, or’, and o’, and the radial displacement found from Equation 
[7]. Of these the latter course has been chosen. 

The condition of vertical equilibrium of a disk of the plate of 
radius r results in 


adfid : 
po (14 ee) = 05 + hore dehy cobslasre [8] 


From the condition of radial equilibrium of the element shown 
in Fig. 1 


Eliminating p and dp/dr from Equations [1a] and [1b], and 
applying Hooke’s law and the equilibrium Equation [9] results 
in 
oe 

2 

Equations [8], [9], and [10] may be regarded as the funda- 
mental equations for a circular plate bent to a figure of revolu- 
tion.4 If the flexural rigidity is neglected, and D equals zero, 
the solution is known. This was developed by Hencky.® 


d 
r— (or’ + ot!) + = yO ee cet wet aAce: {10] 
dr 


4 Given in this form by A. Féppl, “Drang und Zwang,” R. Olden- 
bourg, Berlin, 1924. 

5 H. Hencky, Zeitschrift fiir Math. und Phys., vol. 63 (1915), p. 311. 
Hencky found the maximum deflection to be 
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It will be noted that if deflections are small compared to the 
thickness the term involving ¢? could be dropped from Equation 
[la] and it would not appear in Equation [10]. Equations [9] 
and [10] would then show that the membrane stresses were 
constant, and Equation [8] would become a Bessel equation. 


4 FuNDAMENTAL EQuaTIONS IN DIMENSIONLESS FoRM 


The new variables q, S;’, Si’, S-”, S:”, and u are now introduced 
and are defined as follows: 


q= p/Es su nh; Se 
S:! = ot! /E; S-” = o:"/E; Si" = ot" /E 


ll 
S 
= 
& 
~_— 
= 
_ 
_ 
ir 


Also, the following dimensionless expressions 


mrh mh Ww p 


shall be used hereafter to measure moments and displacements. 
It should be noted that the slope ¢ is 


aw _ a (w 
dr du\h 


The bending moments in terms of dimensionless quantities 


Melts vin( Ge yvy es) nck Petts ea epee 
Dioth (442); Dink. (f+.%).. 


The fundamental Equations [8], [9], and [10] become 


1 a fie 
( = wg) ag ; pis gale [12] 


12(1 — nw) du \u du 
d 
== 1 (iS: Si’ £Ob aeons [13] 
du 
d 2 
i oe (8,0 eS.) 0. coe [14] 
du 2 
5 Bounpary ConpiTIONS 
Boundary values shall be denoted by the subscript zero. For 


a plate with zero radial edge displacement Equation [7] results in 


For a plate with no tensile forces at the edge 
Sho! s= sOincen auyeeiaets «oe aes [16] 


For a plate with bending moment mro at the edge 


de i al 
a, |(%), te ip 2 caer; ee: [17] 


For a plate with an edge clamped horizontally 


In this paper two cases will be considered: 


(1) Plates with no load, with moment mro at the edge, and 
zero tensile force at the edge 

(2) Plates with a uniform load, clamped edge, and zero radial 
edge displacement. 
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GENERAL SOLUTION AND PARTICULAR SOLUTIONS 
6 THE GENERAL SOLUTION 


A solution for Equations [12], [13], and [14] is now desired. 
Either by successive differentiation of these equations or by a 
consideration® of the basic assumptions of the theory of elasticity, 
it can be shown that all the derivatives of the displacements 
p and w will exist at all points in the plate. The displacements, 
extensions, and stresses may therefore be expanded in series of 
positive powers of u. Since S,’ is a symmetrical’ function of u 
it can be expanded in a series of even powers of wu and since ¢ 
is an antisymmetrical function of u it can be expanded in a 
series of odd powers of wu. 

As the starting point, therefore, let 


Sp = Bop Ba? =b Batt Fe, a. on ee ae (20] 


NA Si Cae TC is Ott Pd os sors [21] 
From the equilibrium Equation [13] 
Si’ = Bo + 3Bou? + 5Buut +... ...------- [22] 


By integrating the series expression for ¢ 
ee Cen a ) [23] 
h as 1 2 3 4 5 6 coe Jocewee 


and by differentiation of the ¢ series 


“ BEAL BOnee SO ana LebC pall bos cA) sos. es [24] 


The moments are given in terms of ¢ and dy/du by Equation 


{11b]. The bending stresses are related to the moments by 
mrh mth 
Se” = ——;  &” = —.-- ::: :: 25 
See we 2D 52) [25] 
and the radial displacement from Equation [7] is 
Pp / / 
NS pL riety atatats « steiolere oe (26 ] 


h 


All quantities in which we may be interested can be found 
therefore, if the constants Cz and Bz are known. 

By substituting the series expressions for S,’, S:’, and ¢ in 
Equations [12] and [14], two sets of relations between the con- 
stants B; and C; are obtained: 


k-1 
CrCraa 
Bi = Saya to hea? 4, 6 cceek : [27] 
> (+1) 
k—3 } 
BnCr-2—m 
Of = 3(1 =— yw?) a 1 ’ k as 5, 7,9. 
4 [28] 
E q 
30 — 2) ( = BoC: 
(oz : :) 


Ca 9 


(a, 


¢ B®. Trefftz in the ‘‘Handbuch der Physik,” vol. 6, p. 122. 
7 That is S,’(u) = S,’(—w). If ¢ is an antisymmetrical function 
g(u) = —¢(—»). 
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The series expressions [20] to [24] along with the Equations 
[27] and [28] constitute the general solution of the problem of 
a plate bent to a figure of revolution by a uniform load. 

The two constants Bo and C; are not determined. When they 
are assigned, all the other constants are determined by Equations 
[27] and [28], and the quantities S,’, S;’, and gare determined 
by Equations [20], [21], and [22] for all points in the plate, 
including the boundary. Fixing Bo and C; is thus equivalent to 
fixing the boundary conditions. It will be noted that Bo is the 
value of S,’ at the center while C; is proportional to the bending 
moment at the center. 


7 ParricutarR Sotutions ror Zero LOAD AND ZERO EDGE 
Forcr$ 


The following results apply to plates loaded by a distributed 
bending moment at the edge as shown in Fig. 2. 

We assume the value »p = !/, for 
Poisson’s ratio. The method of ob- 
taining the required values consists 
of assuming a pair of values for Bo 
and C; and calculating all the other 
constants C; and Bz by Equations 
[27] and [28]. The radius, wo, is 
then determined so as to make S,o’ 
zero, and w0/h, mroh/D, mioh/D, 
hm,(0)/D, and S,’(0) are calculated 
from Equations [20] to [24], and 2a 
[11b]. These calculations have been 
made for eleven plates with the results 
given in Table 1. 

The values of wo?hmro/D are given Tro : Mro 
in Table 1, because it can be shown 
from the general solution that all 
plates of the type considered, for 
which the values of uo2hm,o/D are the 
same, will have the same deflection. In Fig. 3 is shown a curve 
for wo/h for various values of wo?himrn/D. This curve is ap- 


Fie, 2 DISTRIBUTED 
Brenpinc MomiEnt at 
EpGr oF CIRCULAR PLATE 


DEFLECTION Up/h 


40 . 
LOAD Mrph us/d 


Fie. 3 Desriecrion or CrrcuLaR PuatTs WITH DISTRIBUTED 
Brenping Moment at EpGE 


8 One such particular solution is given by S. Timoshenko, “Theory 
of Elasticity,’ St. Petersburg, Russia, 1916. 
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TABLE 1 
* . ( Pe vaieg = 

, mr , ™to Pica O)Rh 104S;1 ,hmn 
Fists ‘werua\Lufhile a: Dad cee ee eR CS) eae 
1 43.66 0.899 —14.43 -13.12 -10.61 1 3 —2.75 
2 33.80 0.688 —17.07 —16.02 14.16 1 4 —1.95 
3 27145 0.555 —20.03 19.24 -17.69 1 5 -1.51 
4 23108 0.465 —23.18 —22.51 21.23 1 6  —1.236 
5 52.66 1.614 —25.21 —19.68 -10.61 2 3 -6.99 
6 42.92 1.2982 —25.47 —21.38 14.16 2 4 —4.69 
7 36.00 1.059 —26.87 —23.64 -17.69 2 5 —3.48 
8 30.87 0.899 —28.86 —26.24 21.93 2 6 —-2.75 
9 36.36 1.759 —38.3 29.06 -14.16 3 4 —8.23 
10 40100 1.485 —37.3 —30:15 17.69 3 5 —5.96 
11 35.05 1.283 —38.2 32.06 —21.23 3 6  —4.69 


plicable to plates of all radii, all edge moments, and all materials 
of Poisson’s ratio 1/.. 
The elementary theory gives 
Wo 1 Mroh 
h 21 + «) D 


This straight-line relation is shown in Fig. 3. For wo/h = 1, 
the error in the elementary theory is seen to be 28 per cent. 


8 ParticuLaR SonuTions FoR Puates With LaTeraL Loap 
AND BotNDARY CONDITION go = 0 


The following solutions apply to the case of plates with clamped 
edges and uniform lateral loading. It should be noted that 
the solutions obtained are not expected to satisfy the condition 


2a 


| 
| 
Fie. 4 Crrcunar Puate Wits CiamMpep EpGE 
LaTeRAL LoaD 


AND UNIFORM 


The manner of loading is shown in Fig. 4. 
Values are first selected for » and gq: 


zu = 0.3; ¢ =—2V/8 X 0.117790 X 10-6 


Values are then assumed for By and C1, the remaining con- 
stants calculated, and the various quantities in which we are 


TABLE 2 
10! “) 

Plate 104S~’ 104S i’ wo/h du/Jo 104Bo 104C; 
1 1.636 1.374 0.405 —16.89 2.0 2.5 
2 1.319 0.8192 0.629 —21.15 2.0 3.0 
= 0.8454 0.0025 0.905 —25.91 2.0 3.5 
oa sD yf 0.9539 0.360 —16.02 1.5 2.5 
5 0.9153 0.4988 0.542 —19.71 1.5 3.0 
6 0.5376 —0.1648 0.761 —23.41 1.5 3.5 
7 0.7114 0.5155 0.324 —15.28 1.0 2.5 
8 0.4878 0.1291 0.478 —18.56 1.0 3.0 
9 0.3671 0.2775 0.187 —11.64 0.5 2.0 
10 0.2377 0.0603 0.296 —14.66 0.5 2.5 
11 0.0444 —0.2631 0.427 —17.71 0.5 3.0 
12 2.311 2.177 0.263 —13.56 2.5 2.0 
13 2.081 1.77 0.464 —18.00 2.5 225 
14 1.680 1.062 0.745 —23.09 2.5 3.0 
15 1.050 —0.1025 1.117 —28.39 2.5 3.5 
16 2.789 2.635 0.294 —14.27 3.0 2.0 
17 2.507 2.16 0.545 —19.44 3.0 2.5 
18 1.965 <* 1.143 0.933 —25.68 3.0 3.0 
19 1.069 —0.563 1.453 —32.62 3.0 3.5 
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interested determined from the series expressions. In this 

case the radius is found from the condition that the right-hand 

member of Equation [21] vanishes when u = wo. The results 

of these calculations for nineteen plates are given in Table 2. 
The bending moment at the edge is given simply by 


eatin he 
= (7) Soe oe [30] 


9 SrrEssES AND DEFLECTIONS IN LATERALLY LOADED PLATES 
Wirx Bots Bounpary ConpDITIONS, go = 0 AND po = 0, 
SATISFIED 


Dy 
= 0. 


since in this case ¢o 


We group the plates in Table 2 according to common values 
of Bo or C,; as follows: 


Group Plates Common Property 
a ie 2S 104By = 2 
b 4, 5, 6 104Bo = 1.5 
c 1, 4576 10 104C; =" 225 
d 2 Oy One br 104Ci = 3.0 
e 12, 13, 14515 104Bo = 2.5 
i 16.5075 18) 29 104Bo = 3.0 


By interpolating between the results for the plates in any one 
group in such a manner as to make Sio = pS;o, data for a plate 
having po = O is obtained. From group a data for plate a is 
obtained, from group b data for plate b, etc. A typical set of 
interpolation curves is shown in Fig. 5. 


TABLE 3 
a b c d e i 
quot 6.321 4.561 1.818 3.196 8.635 4.71 
wo/h 0.800 0.637 0.296 0.482 0.970 1.152 
u02S 70’ 0.311 0.196 0.041 0.112 0.468 0.671 
u02Sro” 4.087 3.061 1.334 2.250 5.220 6.621 
uo?Sr’ (0) 0.616 0.392 0.085 0.226 0.900 1.258 
uo2Sr” (0) 2.069 1.704 0.834 1.327 2.408 2.727 
$0 

_— 

io 

Fl go 


PLATE | 
PLATE (a) 


20 


2.5 3.0 104 ¢c) 35 


Fic. 5 INTERPOLATION CuRVES—PuaTEs 1, 2, anp 3 


») 


The results for plates a to f are given in Table 
3. The stresses at the center are given and, 
as has been noted, they depend on Bo and C}. 
Stresses are multiplied by wo, for it can be 
shown that w/h and uo2S will have constant 
values at similarly situated points in all plates 
with constant quo‘. 

The curves in Fig. 6 show the relation of wo/h 
to quo! and those in Fig. 7 show the membrane 
and bending stresses at the center and the edge 
for various values of wo/h. By definition of q 
and Uo, quo‘ is equivalent to pa‘/Eh‘4, 

A numerical example will illustrate the use 
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of these curves. Consider a plate of thickness 08 
0.02 in., radius 2 in., and load 3 lb per sq in. 
Let HZ = 30 X 10° lb per sq in. and let p = 0.3. 


For this plate quot = 10. From Fig. 6 we see 


that wo/h = 1.055 so that wo = 0.0211 in. ay 
From Fig. 7 the stresses are 
oro Uo? /E = (Hataie) 0.2 
oro’ = 1680 lb per sq in. 
oro Ue?/H == 5.85 a arn 
oro" = 17,550 lb per sq in. 


or (O)uc2/E = 1.07 
or'(0) = 3210 lb per sq in. 
or’ (0)uo?/E = 2.57 or"(0) = 7710 lb per sq in. 


The figures given in Table 3 apply only for Poisson’s ratio 
pw = 0.3. For other values of » values for quot and wo/h can be 


= 
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Fig. 6 Der.ection oF CircuLar PLATE WITH THE EpGr CLAMPED 


found by making a suitable transformation of the results in 
Table 2. Space does not permit a discussion of this method 
but the deflection curves for » = 0.25 and » = 0.35 are shown 
in Fig. 6. It will be seen that variations in Poisson’s ratio have 
very little effect on the behavior of the plate. 


COMPARISON WITH APPROXIMATE FORMULAS 


10 Approximate Merrnops or ConsipeRING MrmMBRANE 
STRESSES 


Nadai and Timoshenko have used approximate methods 
which seem to be reasonably accurate. Before discussing them, 
the basic equations will be restated in a different form: 


d [id ee iter lde te? ANull 
4 (£4 9) - opt Ww (eae?) 


d Do Ay \ a de 1— pu ¢? 
—|-—(r 
dr \r dr e ? dr 2 f J 
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Turory WiTH THE “Exact” or PownR Series THEORY, LINEAR 
THEORY, AND TIMOSHENKO’S APPROXIMATE _THEORY 


632 


The first is equivalent to Equation [8] and the second is 
Equation [9] with o,’ and o’ replaced by their values in terms 
of p and Q. 

Nadai® assumes this expression for ¢ 


eee : 


and placing it in the second Equation [31], solves for p. The 
resulting expression for p and expression [32] are then placed 
in the first Equation [31] which is solved for p. The constants 
cand n are then determined so as to make p:p as nearly a constant 
as possible. Nadai gives the following equation for the maxi- 
mum deflection: 


3 
Wo 
ae 0.583 = 
+ 038s (“?) 


This is obtained when » = 0.25. In Fig. 8 a curve is shown 
based on this formula and beside it a curve based on the power 
series solution discussed in this paper. The agreement is seen 
to be close. 

The approximate method of Timoshenko’ is simpler. He 
assumes that the radial displacement is given by 


pian (a — Sey bat) sok ete Sek. - 2 ia [34] 


and that, for purposes of finding c, and @, the deflection is of 
the same form as in the elementary theory. He then minimizes 
the potential energy of stretching to determine c; and @, and 
arrives at the following equation for the deflection: 


3 4 
Wo Wo 3? 
= 4 oss (*) = oe (2) a 


A curve for w/h based on this formula also is shown in Fig. 8. 
This approximation it will be seen errs on the safe side, while 
the formula [33] errs on the unsafe side. 

In Fig. 8 the curve obtained from Hencky’s membrane theory® 
is shown also. 


EXPERIMENTAL RESULTS 
11 Apparatus FOR TESTING 


Experiments were made on circular plates of duralumin of 
41/,-in. diameter and various thicknesses. All plates were 
clamped at their edges and the method of clamping is shown in 
Fig. 9. The compartment beneath the plate was filled with 
water and the pressure controlled by means of a static head of 
mercury. An Ames dial directly above the center of the plate 
recorded the deflections. 

Four plates of the following thicknesses were tested: 


Plates! (isd Geek colbisetee sei h = 0.064 in. 
PIRES 22) fetais 3 07s sc yenantare ata h = 0.052 in. 
EN ry ane ie o- an OO ao h = 0.0449 in. 
Pinto Jono ae cee cian ener hk = 0.032 in. 


Tn all cases it was assumed that the value of Poisson’s ratio was 
0.35. 


12 Resutts or TEstTs 


As it was desirable to know the value of pat/Eh* for each 
measured deflection, a‘/Eh‘ had to be found for each plate. Now 
for very small deflections 


a* = 16 Wo 1 [36] 

En Mihi peat en 
? A. Nadai, ‘Die Elastische Platten,’’ Springer, Berlin, 1925, p. 
288. Nadai actually uses the Equations [31] in dimensionless form. 


10S. Timoshenko, ‘‘Yibration Problems in Engineering,’ D. 
Van Nostrand Co., New York, 1928, p. 317. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Therefore, a fairly accurate method of finding a*/Eh* was 
thought to be to determine Lim.(p —> 0)wo/ph by experiment 
at small pressures. For the various plates values of a*/Eh‘ 
were found as follows: 


Plate 1 2 3 4 
a*t/Eh4 0.172 0.359 0.711 2.747 


TEST PLATE 


FOR %"x2’%2" BOLT 
(2 REQ'D) 


PLATE 


DETAIL OF CLAMPED EDGE 


9 Metsop or CLampiInc EpGes oF CIRCULAR PLATES 


Fic. 


The values of w./h and pa*t/Eh* obtained in the various tests 
are recorded in Table 4. 


TABLE 4 
Plate 1 Plate 2 Plate 3 Plate 4 
wo/h quot wa/h quot wo/h quot wo/h quo 
0 0 0 0 0.002 0.01 is) 0 
0.075 0.437 0.067 0.42 0.162 0.98 0.387 2.51 
0.153 0.939 0.138 0.84 0.376 2.36 0.527 3.58 
0.234 1.440 0.229 1.40 0.550 3.75 0.649 4.64 
0.308 1.842 0.333 2.09 0.697 5.13 0.793 6.24 
0.377 2.443 0.432 2.79 0.826 6.51 0.980 8.91 
0.445 2.946 0.529 3.49 0.931 7.89 1.135 11.58 
0.507 3.447 0.611 4.19 1.022 9.27 1.263 14.25 
si a 0.687 4.89 1.108 10.66 1.375 16.92 
0.752 5.59 eat as aia * 
0.821 6.28 
0.883 6.98 
0.937 7.68 


13 Comparison WitH THEORY 


In Fig. 10 the deflection curves found from the experiments 
have been plotted together with the theoretical curve for » = 
0.35. 

It will be noted that the difference between the values of 
wo/h by theory and experiment is seldom more than 5 per cent. 
It will also be noted that the experimental curves always lie 
above the theoretical curve. This latter fact would indicate 
that part of the discrepancy is due to slipping and rotating at 
the edges of the test plate. The fact that there is no apparent 
relation between the plate thickness and the amount of dis- 
agreement shows, however, that edge slippage is not the only 
explanation. A much more likely source of error in the experi- 
mental curve lies in the determination of at/Eh‘. To expect 
a determination of this quantity within 4 per cent accuracy 
would be very optimistic. On the whole, therefore, it must be 
concluded that the agreement found between experiment and 
theory is not at all bad. 


14 Succestions ror Desicn oF PLATES 


For clamped circular plates with uniform loads the elementary 
theory is applicable for maximum deflections less than 0.4 of 
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the thickness. For such deflections the error in the deflection 
due to neglect of the middle surface stresses will be less than 
10 per cent. (See Fig. 6.) For larger deflections the middle 
surface stresses should be considered, unless very rough results 
are permissible. The simplest method for the practical de- 
signer who wants to take account of the membrane stresses in 
his plate is to have at hand a set of curves such as those in Figs. 
6 and 7. As reasonably close agreement was found between 
the power series solution and the approximate solution by Nadai, 
the curves in his book “Die Elastische Platten’? (p. 288) should 
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also prove very satisfactory. The solution which offers the 
greatest ease of manipulation, if curves are not at hand, is the 
approximate solution by Timoshenko. It is presented on page 
317 of his book, “Vibration Problems in Engineering.’’?° It 
seems to be quite as accurate as the method developed by Nadai 
and has the advantage of erring on the safe side. 


Appendix 


It has been stated in this paper that plates having the same 
values for quot and the boundary conditions go = 0, po = 0 
fulfilled will have the same deflection. This property may be 
demonstrated in a more general form as follows. 

Consider the basic Equations [12], [13], and [14]. 
make the transformation 


Let us 


q=— 5 U/uo = 03 Se! = Be'/uo?; Se! = 81’ /u? 


Uo 
C « Ww pu 
= : = bd =i. aN 
aes ifs er sf? foe hav } 


.. [387] 
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We find that the form of the basic equations is unaltered: 
1 dain Qv ; 
120 — 2) a (: a oa) =r Sk: ee [38] 
a (vs,’ oe) (0) 39 
a) Shee bento meme iieee lt A | ] 
d : 3 
Ae nee Cel ts ea NY iy Seay apes be Se [40] 


The general solution will contain two undetermined con- 
stants, fixing the values of which will determine 4, s,’, and s;’ at 
all values of v, and in particular at the boundary v = 1. There- 
fore the quantities w/h, 8,’, d, s:’, &, and d&/dv will have the 
same values at points similarly located in all plates having the 
same Q, the same p» and the same conditions at v = 1. 

In particular, if Q = 0, w/h for any v will have the same values 
in all plates of the same p» and the same values of s,’, &, and d&/dv 
at the boundary. It should be noted that 


Discussion 


Witiram Hoveaarp."' This paper is of considerable interest 
to engineers. It gives an application of the differential equations 
developed by von Kérmén for a circular plate under normal load 
when the deflections are of the same order as the thickness of 
the plate. Here as in so many other cases engineers are con- 
fronted with differential equations, for the solution of which 
they have neither time nor, in general, sufficient mathematical 
preparation. In the present case good approximate solutions 
have been developed by Nadai and Timoshenko, but it is of 
great interest to obtain the results by a rigorous or quasi-rigorous 
solution. This is what the author has done by expanding the 
radial stress « and the inclination of the middle surface ¢ in 
series of ascending powers of the radial coordinate. He obtains 
thus a general solution for a circular plate under a uniform 
load, but two unknown constants remain which were introduced 
in the serial expressions. The solution for particular boundary 
conditions is now found by a very ingenious and practical proc- 
ess, solving first for a number of assumed values of the unknown 
coefficients and then applying a method of interpolation. 

The fact that plates, completely fixed and held horizontally 
at the rim and which have the same values for gov’, shall have 
the same deflection, might perhaps be readily tested by the use 
of different materials, such as copper, steel, etc., adjusting the 
pressures and the thickness so that this quantity remains un- 
altered. 

The tables and curves given in Figs. 6 and 7, will be very 
useful to engineers dealing with thin circular plates under pres- 
sure. The curves in Fig. 8 give added confidence in the ap- 
proximate solutions of Nadai and Timoshenko, especially as 
they are corroborated by experimental results. In fact the 
curves in Fig. 10 are a great triumph for the theory. 

I would suggest that the author indicate in more detail the 
steps through which Equation [10] is derived. 


L. H. Donnetu.!2 The author of this paper is to be con- 
gratulated, not only on an excellent paper, but for his choice of 


11 Professor, Massachusetts Institute of Technology, Cambridge, 
Mass. 

12 Engineering Department, Goodyear-Zeppelin Corp., Akron, 
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a subject which is of much more practical importance than the 
attention it has hitherto received might indicate. In the case 
of the bending of beams, a large-deflection theory is needed only 
when the deflections are so great that the slope of the deflection 
curve is of the order of magnitude of one, that is, when the de- 
flections are of the order of magnitude of the length of the beam. 
Such deflections are almost never experienced in practise, and 
engineers are thus prone to think of large-deflection theories as 
of academic interest only. But the situation is entirely different 
with flat or curved plates which are bent in such a way that 
stretching or compressing of the plate must accompany the 
flexure, as is the case when a developable surface is bent to a non- 
developable one. Then the simple theory of small deflections 
becomes inaccurate when the deflections are of the order of 
magnitude of the thickness, as is vividly illustrated by the results 
given in this paper. Such deflections are frequently met with 
in practise so that researches of this nature have great practical 
value. 

The author develops an “‘exact’’ theory for his case and com- 
pares it with two previous more approximate large-deflection 
theories. The comparison shows that as far as deflections are 
concerned the approximate theories are sufficiently accurate for 
practical purposes. This is important, as it is advisable to have 
as many checks as possible on our approximate methods. How- 
ever the author fails to give any comparison between the maxi- 
mum stresses in the plate, as given by the exact and approximate 
methods, although such a comparison should be quite easy for 
him to make and would add greatly to the value of the paper. 
General experience has been that such approximate theories are 
less accurate in regard to stresses than deflections. 

The writer believes that it will be necessary to use large de- 
flection theories to satisfactorily explain and study a number of 
important phenomena in the buckling of flat and curved sheets. 
Thus it is well known that the ultimate strength of a flat sheet 
with clamped or supported edges, under edge compression, is 
usually much greater than the stability limit given by the well- 
known theories of Bryan and Timoshenko, based on small-deflec- 
tion theory. Dr. von K4rm4n has explained most of this difference 
as an edge effect, due to the edges being artificially prevented 
from buckling. But there is an additional strengthening effect 
having no connection with this. This might be called a “disk- 
wheel” effect as it is due to the bulging out of the sheet to some- 
thing like the shape and hence something of the strength of a 
disk wheel. This effect can only be studied by a large-deflection 
theory. It has practical importance in the case of very thin 
plates or plates of a material with a high elastic limit. Also, in 
the buckling of thin cylinders or curved sheets under axial load, 
experiments show many features which have never been satis- 
factorily explained by any theory based on small deflections. 
The writer has found that all these discrepancies can be ex- 
plained by considering initial deviations from cylindrical shape 
and using large deflection theory. 


H. Hencxy.’? The paper by Mr. Way is very valuable 
because the exact solution of his problem is very difficult and 
tedious to obtain and is nevertheless needed for a judgment on 
approximative methods. He discusses the methods of Nadai 
and Timoshenko and finds them fairly satisfactory. 

It is perhaps of interest to remark that these methods are 
only special cases of a more general method which was developed 
18 years ago by G. B. Galerkin, of Leningrad. The method 
of Galerkin is one of unlimited adaptability to the precision 
required in any special case and deserves therefore a greater 
amount of publicity than it has had. 

The problem in question is a two-dimensional one, the two 


13 Lisbon, N. H. Mem. A.S.M.E. 
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dimensions being the displacement w perpendicular to the plate 
and the displacement p in the direction of the radius of the circular 
plate. Consequently we will have two equations of equilibrium 
to satisfy which we will call symbolically E(w) = 0 and E(p) = 0. 

The first step is to substitute two integrations taken over the 
surface of the plate without changing anything essential. 

This can be done by introducing two arbitrary variations 
5 and 6p corresponding to the displacements w and p and writing: 


JS E(w)swdA 
JS E(p)ipdA 


with the integrations taken over the whole area of the plate. 

Until now we have not introduced anything of an approximate 
character. Galerkin substitutes for w and p two series of arbi- 
trary functions and extends the variations only over the arbitrary 
constants to be determined in the case in question. Conse- 
quently, using the fact that the variations are absolutely arbi- 
trary, the two integrations yield just the needed number of 
equations to determine the constants. Naturally the functions 
have to be chosen so that the boundary conditions are satisfied. 

The advantage of this method lies in the fact that by increasing 
the number of constants the method can be employed even if 
the exact solution is impossible to obtain as the case of a rec- 
tangular plate. 


0 
0 


ll 


BE. O. Wartrrs.!4 The author should be highly commended 
for giving to the engineering profession a simple, workable 
solution for a rather difficult problem. It is true that the general 
equations have been known for some time in differential form, 
but it is doubtful whether engineers have ever made much, if 
any, use of them. Now, thanks to the author’s labor of setting 
up the power series and solving the coefficients, together with 
his ingenious method of adjusting the results so as to fit the 
prescribed boundary conditions, it is possible to find the maxi- 
mum deflection and the important stresses in a circular plate 
clamped at the edges, simply by referring to the proper curve in 
Fig. 6 or Fig. 7. 

It is interesting to note how nearly accurate are the two ap- 
proximate solutions mentioned by the author, as far as maximum 
deflection is concerned. In this connection, it should be pointed 
out that the solution by Timoshenko, Equation [35], was evi- 
dently worked out for » = 0.3. If « is changed to 0.25, the 
curve for this approximate solution would shift slightly to the 
left, in the manner indicated in Fig. 6, and the error on the side 
of safety would be greater. This, however, makes practically 
no difference as long as the proper value of ,? is used in the last 
term of Equation [35], as was apparently done in the paper. 

The writer would like to place on record another approximate 
solution (not original) which gives practically the same maximum 
deflection as the Nadai and Timoshenko formulas, and in addi- 
tion gives membrane stresses at the center and edge that agree 
substantially with the exact method. By multiplying equation 
[8] by r, differentiating and then dividing by r, the fundamental 


equation of equilibrium is obtained: 
eg la! d|1ld , hd _,( dw [42 
Pe dr VU arlrdr\ ar rar| Ndr Mere 
After performing the differentiation indicated in the third term, 


and using the relation between o-’ and o’ given by Equation [9], 
we have: 


Dd adfidf{ dw ; 7 (= Ff at on 
=— r = r = ea 
BE ea adr Gn anN ae Rae, 
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where R, and R; are the radial and tangential radii of curvature 
of the middle surface. If there were no membrane stresses, 
the third term would vanish, the external work would be 


a 
rp ch wrdr, and the equivalent strain energy of bending would be 
) 


a 
ul Gi d\j1d d 
aD uN Pie ‘, 7 F rs (- =) ; wrdr. Load is proportional 


to deflection. Now, if membrane stresses are considered, and we 
neglect all displacements except those normal to the middle 
surface, e/w = 1/R, and the strain energy of stretching may be 
expressed by multiplying the third term above by 1!/2w and 


integrating over the entire plate. The total external work is 
a 


wrdr, but, since the strain energy of stretching 
0 
is only a small part of the total, about 20 per cent when the 
deflection at the center equals the plate thickness, we may 
assume as an approximation that the straight line relation still 


holds, giving 
a a 
iad aid d 
Tp wrdr = xD aS P| =e ke wrdr 
0 OO Par dr |_r dr dr 


"a 
oG) , | dw 
—n f 14) se, @) ae 


Then we may assume a value for w in terms of 7 and a constant, 
perform the indicated operations, and solve for the constant or 
at least get a relation between it and p. The simplest assumption 


no longer rp 


r2 


2 
is w = wo\ 1 — 2 , as this is the expression for w when the 


a? 
membrane stresses are neglected. Letting r = aS, we have from 
Equation [10] 


d , , 8E wy Y y 
S as (or? + oe’) = — me (S§ 2S4 + 8?) 
; ; 8Ewy? [1 1 1 
(or’ + ot’) ie C S6 5 S44 5 S24 4) 
From Equation [9] 
d d 
or + a1! = or) + as (Sor’) sas (S2e;’) 


, From this relation, values for o,’ and o:’ may be obtained: 


! wo? ( 1 B l 6 2 4 2 
or =—E ees 3° +8 
wo? [ 1 Bea = 10 
— EH = A =; S6 ie S4 382 
a a? € 26 aoe ) 
To determine the constants of integration, we have o,’ and 
o:’ finite when S = 0, and o’ = yo,’ when S = 1. Therefore 
Ew? [ 5 — 3 
ae ( PE AGRA Sh = 0s) eee [44] 
6a? 1 Kb 
Ew? [ 5 — 3 
Be ate es 7S® + 2084 — iss) ... [45] 
6a? i Me 


Returning to the approximate energy Equation [43], and sub- 
2 


apa*b 
stituting the values of w and a;’, the first term gives 5 ; the 
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2QrbthH | 23—9p 

3a? | 42(11— pz) | 
When these are equated and reduced to the same form as Equa- 
tions [383] or [35], and yp is given the value 0.25, we have 


Wo wo \* 3 p fa ; 
nae OLA OSA ae 
p+ oso (@) = 55 (5) 


Furthermore, when S is given the values 0 and 1 in Equations 
[44] and [45], and » = 0.3, we have the membrane stress at the 


P 2b2D ak 
second gives me ae and the third gives 
a 


center 
aus _ go7e (%) [47] 
and the radial membrane stress at the edge 
2 
o roto Wo 
(Oe Aan (esl Ih Jee cee bos 48 
: .) us 


All three of these equations agree well with the exact curves in 
Figs. 7 and 8, up to deflections of the order of wo/h = 1.25; 
both [46] and [47] err on the side of safety, and [48] is always 
less than [47] and is therefore not critical. 

When we compare the bending stresses of the approximate 
method the agreement is very poor, and the reason is not hard 
to find. The approximate method gives the same bending 
stress as the linear theory, when expressed in terms of maximum 
deflection, because the approximate method assumes the same 
geometrical form for the bent plate as does the linear theory. 
Actually, the bent plate will tend to assume the form of a thin 
membrane, with very sharp curvature at the edge and fairly 
uniform curvature everywhere else. In consequence of this we 
have, by the exact method, extra large bending stresses at the 
edge and smaller bending stresses at the center. In this feature, 
if in no other, the exact solution developed by the author is 
clearly far superior to any approximate method which assumes 
a form for the bent plate similar to that given by the linear 
theory. 

A close approximation to the true bending stress at the rim 
may be obtained by taking a slightly different form for the bent 
surface, say w = wo(1 — S?)(1 + &S?), and using the minimum 
energy principle for w) and k. Assuming that k is a small cor- 
rection whose powers higher than the first may be neglected, we 
have approximately k = 0.02 pa*/Eh‘, which when substituted 
in the appropriate formula for o,,” gives good agreement with 
the upper curve in Fig. 7. 


AvuTHOR’s CLOSURE 


Equation [10], the origin of which may seem mysterious, can 
be obtained from Equations [la] and [1b] of the paper as follows: 


Sa ee a hig ey eat eae [1b] 
dr r 
From Equation [1b] 
d 
fa sr i [49] 
If we substitute for — in Equation [la] we obtain 
if 
d 2 
Ck Vai (Veit) ele ee eee heedoe: [50] 
dr z 


Now replace the extensions by stresses, using Hooke’s law 
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or 
d Ee? d 
—o, + — (rot’) + aos = jp E (ro;’) i. hee [51] 
dr Zz dr 


By Equation [9] the right-hand member of Equation [51] is zero, 
and the left member can be transformed using Equation [9] to 
give 
red at + © rar) += = 
ss f dr” dr Bs z 
or 
d Ee 
r< (a! +o!) +— =0 
dr z 


Dr. Donnell brings up the question of the accuracy of the ap- 
proximate methods in giving the stresses. The author recently 
made calculations for plates with Poisson’s ratio » = 1/4 in 
order to make this comparison. For pat/Eh*! = 9.19, stresses 
found by the “exact” theory and those found by Nadai are as 
follows: 
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U2Sro’ —WoSr’(0) ——U0*Sr0” = Uo*Sr”(0) 
“Hxact” 0.49 0.97 —5.46 2.35 
Nadai 0.52 1.00 —.55 2.32 


It is seen that for the stresses, Nadai’s method errs on the safe 
side, except in the case of the bending stress at the center. 

Equation [33], which comes from Nadai’s solution, does not 
make available the full accuracy of that solution, as it is only a 
first approximation of the results of the solution. If the values 
given in the table on page 297 of “Die Elastische Platten” had 
been used instead of Equation [33] in plotting the curve in Fig. 
8, better agreement would have been found with the “exact” 
method. Furthermore, the error would have been on the safe 
side for wo/h = 1. 

Professor Waters has shown another interesting approximate 
method which gives expressions for the membrane stresses. He 
points out also that the numerical constant 0.488 in Equation 
[35] is based on an assumed Poisson’s ratio » = 0.3, and the 
author regrets this oversight. For » = 0.25 this constant should 
be 0.477. 
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Studies in Photoelastic Stress Determination 


By E. E. WEIBEL,? ANN ARBOR, MICH. 


This paper covers three laboratory studies in photo- 
elastic stress determination. 

The first of these is an investigation of the strain-creep 
characteristics of bakelite and phenolite. It was under- 
taken in the belief that the information to be obtained 
would indicate how closely the behavior of these materials 
under load approached the theoretical proportionality of 
strain to stress; the significance of exact knowledge of the 
degree to which this relationship holds true being that the 
deduction of stress distribution in structural materials 
by photoelastic means is based on the assumption that the 
photoelastic specimen does conform to Hooke’s law. The 
tests performed are described in detail and from the re- 
sults it is concluded that with these materials the depar- 
ture from the Hooke’s law stress-strain relationship is ex- 
ceedingly small and does not vary with time of loading 
within a two-hour period. 

The second study was undertaken in the belief that more 
accurate information regarding stress concentration at 
points of sharp change in sections of machine parts could 
be obtained with bakelite and phenolite and the mono- 
chromatic fringe-photograph method than obtained pre- 
viously with celluloid models. The paper describes the 
methods used in testing for both tension and bending and 


I—STRAIN CREEP IN BAKELITE AND PHENOLITE 


HE high optical sensitivity of bakelite* (1)4 and phenolite® 

(2), which is four or five times that of celluloid (2, 3, 4), 

is chiefly responsible for their extensive use in photoelastic 
stress determination. Their proportional limit is about twice 
that of celluloid. This combination makes them particularly 
suitable for use in the monochromatic fringe-photograph method 
(5) in which a large number of black and white fringes permits 
increased accuracy of stress determination. 


1 From a dissertation submitted in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy at the University 
of Michigan. 

2 Hngaged in private research work. Dr. Weibel received the de- 
gree of B.Sc. in Mechanical Engineering at McGill University, Mon- 
treal, in 1918. During the summers, 1915 to 1917, he was employed 


| as structural draftsman with the Dominion Bridge Company, Ltd., 


Montreal; and from 1918 to 1922 as mechanical designer and esti- 
mator on steam-turbine and electric-crane work. From 1922 to 
1927 he was supervisor, under the mechanical engineer of the com- 
pany, of the mechanical-design squad on cranes, hydroelectric 
regulating gates, etc. During 1928-29 he studied mathematics at 
the University of Toronto and in 1929 returned to the Dominion 
Bridge Company where he was employed on mechanical standardiza- 
tion and as field engineer on the installation of hydroelectric equip- 
ment. In 1931 Dr. Weibel received the M.S.E. degree and in 1932 
the degree of Ph.D. in Engineering Mechanics from the University 
of Michigan where he specialized in photoelastic stress determination. 

3 Type C-25 bakelite used in the present experiments was pur- 
chased from the Bakelite Corp. of America. 

4 Numbers in parentheses refer to Bibliography at the end of the 
paper. 

5 The phenolite used was purchased from the Institute for Physi- 
cal and Chemical Research, Tokyo, Japan. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 


_ Tue American Society or MecHANICAL ENGINEERS. 


Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


includes fringe photographs illustrating the changes in 
stress distribution for different ratios of fillet radius to 
the width of the narrow section of the specimen. From 
these tests the author has established the values of the 
stress concentration factor, in both tension and bending, 
for a considerable range of the fillet-width ratio. 

The third study as set forth in this paper is the applica- 
tion of the membrane analogy in conjunction with the 
photoelastic results to the determination of stresses in a 
specimen subjected to bending. A soap film, used as the 
membrane, was enclosed by a frame of same shape as the 
specimen being studied. Its boundary ordinates, mea- 
sured perpendicularly, were made proportional to the 
corresponding boundary values of the sum of the principal 
stresses. Under these conditions the ordinates of all 
points of the membrane are proportional to the sum of the 
two principal stresses at the corresponding points on the 
stressed member. The lengths of the ordinates were 
measured by means of a depth michrometer and the stress 
values at the corresponding points on the stressed member 
determined from these. Because of the ease of applica- 
tion and accuracy of the results obtained it is believed that 
the membrane analogy will find increasing use in conjunc- 
tion with photoelastic studies. 


The application of the photoelastic effect to the determination 
of stress distribution in plane stress problems is based upon the 
assumption that stress distribution in the photoelastic specimen 
is a true representation of that which would occur in a construc- 
tion material which obeys Hooke’s law of the proportionality of 
stress to strain. About 1923 Filon and Jessop studied strain 
creep in celluloid (6) and found that below a certain value of stress 
initial strain was proportional to stress and that strain creep was 
roughly proportional to stress squared. The implication in these 
results is that, at the moment of loading a celluloid specimen, the 
stress distribution is a true Hooke’s law distribution but that the 
distribution changes with duration of load period, departing in- 
creasingly from the Hooke’s law distribution. 

A consideration of the amount of departure from a linear stress- 
strain relation in two actual samples of celluloid will perhaps sug- 
gest that the effect on stress distribution will not always be negli- 
gible. One sample of xylonite (celluloid) showed strain creep 
12.8 per cent of initial strain® in ten minutes under a constant 
stress of 1900 lb per sq in. The departure from a linear stress- 
strain relation in this case between 950 Ib per sq in. and 1900 lb 
per sq in. can be shown to be 6.4 per cent, assuming creep propor- 
tional to the square of the stress. Edmonds and McMinn made 
extensive experiments on strain creep in celluloid in 1931 (7). 
One sample, Material G, Table 1, Fig. 3, of their paper, showed 
6 per cent creep in ten minutes under a constant stress of 2000 
lb per sq in. The departure from Hooke’s law in this case be- 
tween 1000 and 2000 lb per sq in. would be 3 per cent. 

Bakelite and phenolite are finding increasing use as photoelas- 
tic materials, the former chiefly in this country and the latter in 
Japan. They are both known to exhibit the phenomenon of 
strain creep but published accounts of experiments on the stress- 
strain relation have not been found, other than the usual stress- 


6 Calculated from values at 30 minutes given in ‘‘Photo-Elasticity,”” 
by Coker and Filon, Cambridge University Press, 1931, p. 271. 
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strain diagram obtained by loading and unloading a tension speci- 
men at either a constant rate of deformation or a constant rate 
of loading. The present experiments on strain creep in type C-25 
bakelite and phenolite were undertaken in the belief that the in- 
formation to be obtained would indieate how closely the stress 
distribution in specimens of these materials approaches the 
Hooke’s law distribution, both at the instant of loading and 
at later instants. 
EQuireMENT 


Test Piece. The test piece shown in Fig. 1 
square in the body with bushed pinholes at 3*/, in. 


was carefully polished on all sides and the corners rounded to pre- 
vent nicking of the edges and consequent failure at a low aver- 
age tensile stress. The test specimen was for use in tension and 
compression. Its dimensions were limited to some extent by the 
capacity of the loading frame available. 

Extensometers. Martens mirror-type extensometers with a 
gage length of 1/.in. were used. A short gage length was origi- 
nally used, as with it and the standard Martens knife edges the 
angularity of the light beam was so small that correction of read- 
ings was unnecessary. It also permitted the extensometers to 
be clamped at points well removed from the points of non-uni- 
form stress at the fillets. 

To protect the specimen from being scratched by the exten- 
someter knife edges and to reduce friction small polished metal 
plates were attached at the gage points with Ambroid cement. 
In the earlier experiments the extensometer knife edges had a 
bearing across the full width of the specimen. This gave incon- 
sistent results in the compression tests and was modified so that 
a point bearing at the center line of specimen was obtained. At 
the same time the distance members of the extensometer were 
made of bakelite of the same cross-section as the specimen so that 
strain readings would be virtually independent of small tempera- 
ture changes. This detail is important as creep values are ex- 
ceedingly small and the coefficient of expansion of phenolite, for 
example, is about sixteen times that of steel (8). The latter ex- 
tensometer arrangement is shown in Fig. 3. 

Loading Arrangement. Loading of the specimen was done by 
means of weights and a steel beam resting on a knife-edge at- 
tached to the loading frame of the photoelastic outfit. The 
change from tension to compression loading was effected by re- 
moving the specimen with extensometers attached, taking care 
not to disturb their setting, and shifting the position of the ful- 
crum. The photographs, Figs. 2 and 3 show these arrangements 


The handle shown 


with extensometers, telescopes, and seales. 
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was attached to an eccentric cam which permitted the load to 
be applied or removed quickly and smoothly. 


Tests at Constant LoapInc AND UNLOADING RATE 


These were tension tests in which a constant rate of loading was 
obtained by carefully adding equal load increments at precise 
intervals of time. Extensometer readings also were taken at pre- 
cise time intervals. Unloading was carried out in a similar man- 
ner. Figs. 4 and 5 are two curves obtained for bakelite and 
phenolite at loading rates of 662 and 744 lb per sq in. per minute 
respectively. Proportional limits of about 4000 and 3500 lb per 
q in. are obtained from the respective curves. The effect of 
strain creep is apparent in the relative displacement of the un- 
loading curve. The displacement when the specimen is com- 


a 


pletely unloaded is not a permanent set but disappears almost 


! ARRANGEMENT FOR TENSION TxestTs SHOWING 
.eTens Mirror EXTENSOMETERS AND TELESCOPES 


entirely in a length of time equal to the duration of the load 
period. 

Different speeds of loading might result in different values of 
proportional limit, 4 found by Edmonds and MeMinn 
(7) for celluloid, but a large number of tests of this type were not 
carried out as the conditions of loading are too much unlike those 


was 


of a photoelastie test for the results to be directly applicable. 
Strain Creep Tests. The object of the strain creep tests was 


to obtain indirectly stress-strain curves which would truly repre- 
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sent the stress-strain relation in a photoelastic model at any 
time after the application of the load. 

From a single strain-creep test at constant stress a curve of 
strain on a time base can be obtained. The value of strain at, 
say, five minutes after application of the load together with the 
value of stress used in that test would be a pair of values from 
which one point on the “five-minute stress-strain diagram’’ is 
obtained. If twelve points on the stress-strain diagram are 
arbitrarily demanded then twelve strain-creep tests must be run. 

In the strain-creep tests the specimen was subjected to a tension 
or compression load which was applied quickly by means of 
the eccentric lever and which remained constant for a period of 
15 minutes, during which strain readings were taken at suitable 
intervals. The load was then removed and the specimen was left 
unloaded for at least 15 minutes before starting another strain- 
creep test. A series of tests comprised six in tension and six in 
compression. In one series of tests on bakelite the following 
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values of stress were used: tension, 1252, 2408, 3400, 4700, 
5845, and 7000 Ib per sq in.; compression, 1482, 2584, 3685, 
4790, 5890, and 6980 Ib per sq in. A number of series of tests 
of the above type were carried out on each material. 

The results of such a group of tests were plotted on a single 
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sheet, strain on a time base, examples of which for bakelite and 
phenolite are shown in Figs. 6 and 7, respectively. The inter- 
sections of these curves with a vertical line drawn at a particular 
time after loading yield pairs of values of stress and strain each 
of which gives a point on the stress-strain ¢urve. In Figs. 8 
and 9 are shown the 
15-minute stress- 
strain curves for bake- 
lite and phenolite, 
respectively. The 5- 
and 10-minute curves 
were of the same 
type. Stress-strain 
curves for the instant 
of loading were not 
satisfactory as, due to 
the high initial rate 
of creep, accurate 
strain readings were 
obtained with diffi- 
culty. 

The bakelite speci- 
men used was one 
which had been com- 
pleted a few months 
previously. It was 
tested before and 
after an annealing 
with little difference 
in the results. The 
phenolite specimen 8 
had been heat treated 
for 24 hours at 130 C 
and cooled slowly to 
room temperature. 
Heat treatment . of 
this material for from 
20 to 70 hours at 130 
C’? reduces the 
amount of strain 
creep and raises the 
modulus of elasticity. 

Curves. HWxamina- 
tion of Figs. 6 and 7 
shows that the creep 
rate is high immedi- 
ately after applica- 
tion of the load and 
that it decreases rap- 
idly with time of 
loading. Values of 
strain creep are dis- 
cussed later in con- 
nection with strain- 
creep tests of two 
hours duration. Con- 
sidering the tension 
portions of the stress- 
strain curves in Figs. 
8 and 9 it is found that for bakelite the departure from linear 
between 2000 and 4000 lb per sq in. is 0.7 (0.2) per cent for 
the 5-, 10-, and 15-minute curves, and for the phenolite the cor- 
responding figure is 0.8 (+ 0.2) per cent. The differences in these 
figures were small and irregular, experimental errors probably 
masking the true values so that no conclusions could be drawn 

7 Suggested in a personal letter from Dr. Z. Tuzi. 
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as to whether the departure from linear increases with time of 
loading. 

The compression portions of the curves in Figs. 8 and 9 
were not drawn through the compression points but were an 
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extension of the tension curves. Compression points in general 
lie slightly to the right of these extended lines which would indi- 
cate a modulus 0.5 to 1.2 per cent higher in compression than in 
tension, or that a slight slipping of the extensometer points had 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


occurred in changing over from tension to compression loading. 
The latter explanation is the more probable. An error of about 
0.3 per cent may also be present due to inaccurate measurement 
of lever arms. 

The departure from linear noted in the tension tests may be 
due largely to slipping of extensometers, which was difficult to 
control. In successive tests on a specimen at the same stress, 
strain readings could often be duplicated within 0.3 per cent, but 
only by exercising care in preventing the specimen from being’ 
jarred. 

Two-Hour Strain-Creep Tests. The question as to whether the 
departure from a linear stress-strain relation varies with time 
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could not be answered by the experiments just described as they 
were of too short duration. Consequently two two-hour strain- 
creep tests were run on the bakelite specimen at constant tension 
stresses of 2420 and 3580 lb per sq in., respectively, and two on the 
phenolite specimen at stresses of 2452 and 3566 lb per sq in. 
The strain-time curves are shown in Figs. 10 and 11. 

For bakelite the strain creep in 15 minutes is 3 per cent of initial 
strain for both values of stress, and in 2 hours it is 5 per cent of 
initial strain, for both values of stress. For phenolite the corre- 
sponding figures are 16 and 24 per cent. Variations within the 
estimated experimental error of +0.3 per cent are neglected in 
presenting these results. 

The fact that strain creep is the same percentage of initial 
strain for two different values of stress signifies that the stress- 
strain relation is unchanged with time of loading. This is shown 
also by a consideration of the departure from a linear relation at 
different times in these tests. For bakelite the departures from 
proportionality of stress to strain at 1, 15, and 120 minutes, 
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were 0.9, 0.9, and 1.0 per cent, respectively. For phenolite cor- 
responding figures were 1.0, 0.6, and 0.6. Since the differences 
in these figures are within the experimental error it may be con- 
cluded that the departure from a linear stress-strain relation does 
not change within a two-hour load period. 

Modulus of elasticity for bakelite in these tests varied from 
620,000 Ib per sq in. at the instant of loading to 591,000 lb per 
sq in. in two hours. For phenolite the modulus varied from 820,- 
, 000 lb per sq in. at the beginning of the test to 675,000 lb per 
’ sq in. at the end. An error of 3 per cent due to inaccurate set- 
ting of gage length may be present in these figures which are 
mentioned only incidentally. 

A phenolite specimen which had been heated 72 hours at 130 C 
was run through a two-hour strain-creep test and showed strain 
creep 10.8 per cent in 15 minutes and 14.3 per cent in two hours. 
Modulus of elasticity varied from 812,000 to 740,000 lb per sq 
in. 
Comparison With Celluloid. In their paper on strain creep in 
Celluloid (6), Filon and Jessop, after rejecting a formula derived 
theoretically on the assumption of two constituents, one elastic, 
the other viscous, adopted the empirical formula: 


e=e +at/* + bt 


' in which e = strain at time, ¢ minutes 

é) = initial strain, roughly proportional to stress 

a constant, roughly proportional to square of stress 
= a small constant, insignificant. 
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In the present study a two-hour strain-creep test was made on 
the bakelite specimen at 2405 lb per sq in. tension stress. The 
fifteen strain-time points were fitted to the above type of formula 
by a method of least squares and found to agree remarkably well, 
the maximum residue being 0.26 per cent. The test was made 
with the early extensometer arrangement which was not inde- 
pendent of temperature variations, but as there has not been time 
to make a similar study of the later results it is included as being 
of interest. The temperature variation during this test could not 
be detected on a glass thermometer but it is believed to have been 
sufficient to affect the constant b in the formula. 

If, as is probable, this formula applies to bakelite, the results 
of the two-hour tests mentioned earlier would indicate that for 
bakelite the constant a is proportional to the first power of stress. 
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This is of interest as an analogous result has been found for 
optical creep. Relative optical retardation in celluloid (6) fol- 
lows the same law as that given above for strain, the coefficient 
of t’/* being again proportional to the stress squared. Arakawa 
(8) has shown that relative retardation in bakelite follows the 
same law, the coefficient of ¢'/* in the case of bakelite being closely 
proportional to the first power of stress. 

A study of the agreement between the strain-time results for 
phenolite and the Filon and Jessop formula has not as yet been 
made. * 

Conclusions. From the series of fifteen-minute tests it is 
concluded that for both C-25 bakelite and phenolite heat-treated 
as described, the stress-strain relation between 4000 Ib per sq in. 


STRESS CONCENTRATION FACTOR 
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tension stress and 4000 lb per sq in. compression stress, during a 
fifteen-minute loading period, is linear within about one per cent. 

From the two-hour tests it is concluded that the departure from 
a linear stress-strain relation does not vary in these materials 
with time of loading, within a two-hour period. 

A tentative conclusion is that strain in bakelite follows the 
Filon and Jessop formula, the coefficient of t'/* being roughly 
proportional to stress. 

Interpreting these results in their relation to the stress dis- 
tribution in photoelastic models of bakelite or phenolite, we may 
conclude that the departure from the Hooke’s law distribution 
will be very small and may be neglected. 

Strain creep for phenolite is considerably greater than that 
for C-25 bakelite, but as creep is proportional to stress this has 
no effect on stress distribution which approximates closely the 
theoretical for both materials at all times within a two-hour period 
after loading. 


II—STRESS-CONCENTRATION FACTORS FOR TENSION 
AND BENDING MEMBERS 


It is usual to provide fillets of as large radius as convenient at 
sharp changes of section in machine parts because fatigue fail- 
ures are known to begin at such points. Little accurate informa- 
tion is available as to the amount by which stress is increased for 
different proportions of a member. 

Values for factors of maximum stress concentration for ten- 
sion members of the form shown in Fig. 12 were determined photo- 
elastically and tabulated in a paper by Timoshenko and Dietz 
(10) in 1925. In connection with his photoelastic studies on 
tensile-test specimens H. B. Maris (11) published in 1927 a table 
similar to that by Timoshenko and Dietz but covering a different 


* The values of e and a for the curves of Fig. 11 have since been 
found to be proportional to stress, within about two per cent. 
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range of proportions. Coker published four values of the same 
factor in some photoelastic studies on tensile test specimens® (9). 
Reports of other experimental or of analytical work on this form 
of member have not been found in the literature. 

All of the above mentioned photoelastic work was done using 
celluloid models and a compensating strip of the same material 
or a Babinet compensator. The present work was undertaken 
in the belief that more accurate results might be obtained by the 
use of the more sensitive photoelastic materials, bakelite and 
phenolite, and the monochromatic fringe-photograph method 
(5). 

One purpose of the present study was to obtain factors of maxi- 
mum stress concentration for tension members of the form shown 
in Fig. 12, for a range of values of D/d from 3 to 1.5, and of R/d 
from !/32 to 1/2. This was roughly the range covered in the paper 
of Timoshenko and Dietz. In that paper it was concluded on 
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rather limited experimental evidence that the values for factors 
in tension would hold also in bending. The present experiments 
were extended to include a study of concentration factors for 
members of the same form loaded by a pure bending moment as 
indicated in Fig. 13. 

Acknowledgment is made of the use of Wahl and Beeuwkes’ 
method? of determining fringe order at the point of maximum 
stress concentration by extrapolation beyond the apparent 
boundary of the specimen. The curves of Figs. 12 and 13 were 
obtained by this means. Before learning of this method a set 
of curves had been obtained which agreed closely with the ones 
shown, but the uncertainty regarding individual points was of 
the order of plus or minus 5 per cent. More consistent results 
are possible using the extrapolation method; two subsequent 
experiments made to check the values of factors for R/d 0.2745 
and 0.505, respectively, gave values which agreed with those 
shown in Figs. 12 and 13 within 1 per cent. 


PuHoron.astic MopELs 


The models were made from type C-25 bakelite or of phenolite 
of about 1/, in. thickness, polished on both faces and of initial 
dimensions as shown by the full lines of Fig. 14. _ All the points 
on the curves of Figs. 12 and 13 were obtained by the use of 
two models of bakelite which were filed and machined to a new 


8 “*Photo-Elasticity,’’ by Coker and Filon, Cambridge University 
Press, 1931, pp. 564, 574. 

* “Stress Concentration Produced by Holes and Notches,’’ by 
Wahl and Beeuwkes, A.S.M.E. Trans., 1934, paper APM-56-11. 


set of proportions after each test, the final shape of model being 
indicated by dotted lines in Fig. 14. Annealing of the model was 
done as has been described by Frocht (12) and Solakian and Kare- 
litz (13). An automatic temperature regulator for the electric 


furnace was available and the dial of this was actuated by a 
clock and traveling-nut device to lower the temperature about 
31/2 C per hr. 


Fig. 15 Trnston-LoapInc ARRANGEMENT IN STRESS-CONCENTRA- 
TION EXPERIMENTS 
(Transparent yellow phenolite. model appears black in photograph.) 


Fic. 16 


LoapING ARRANGEMENT FOR PURE BENDING 


Steel side plates attached to the model made it possible to ap- 
ply a pure bending moment or tension forces as desired. The 
method of loading is indicated in Fig. 14 and in the photo- 
graphs Figs. 15 and 16. 

Considerable difficulty was experienced in obtaining accuracy 
of form in the region of the fillet, presumably due to the difference 
of cutting action along the straight portions of the contour and in 


} 
5 


- much as 0.35 fringe order. 
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the curve of the fillet. When cutting in the fillet, the milling 
cutters had a tendency to deflect or to bite in too deeply causing 
edge stresses where these were least desired. The method of 
obtaining the final contour was to lap the fillet by hand using a 
piece of drill rod of the correct diameter and fine emery powder. 
The straight portions were then milled to within about 0.0005 
in. of the final shape using a cutter of smaller radius than the 
fillet radius, and were finished by hand lapping. A vise with 
fixture for guiding the lap made the lapping a simple and quick 
operation. Accuracy of form was checked by means of a micro- 
scope with a measuring head and magnification of about eighteen 
diameters. 


Trst ProcEDURE AND MrtTHop 


A preliminary study of optical creep in type C-25 bakelite and 
phenolite was made. The stress-optic relation at any time within 
30 minutes after loading was found to be linear for values of stress 
up to at least 3500 Ib per sq in. which was the maximum used in 
the stress concentration factor tests. Optical creep for C-25 
bakelite in 30 minutes was approximately 4 per cent of initial 
optical retardation and for phenolite approximately 8 per cent. 
The presence of optical creep was allowed for in the loading tests 
by taking all photographs for one set of tests at the same number 
of minutes after applying the load, usually from 5 to 15 minutes. 

Whenever possible the photoelastic tests were carried out im- 
mediately after completion of a model, as it was found that a de- 
lay of four hours caused edge stresses which introduced some un- 
certainty in estimating the fringe order at the point of maximum 
stress. In most cases complete elimination of internal stresses 
in the bakelite specimen by annealing was not obtained, but pro- 
vided local edge stresses were not present, this is believed not to 
have affected the accuracy of the results obtained because of the 
method used in making the tests. 

In two separate bending tests, moments of equal value but of 
opposite sign were applied to the specimen. The number of 
fringes at a fillet when it was on the tension side was different 
from the number of fringes in the same fillet when in compres- 
sion. The average of these two values gave the true fringe order 
and half the difference gave the apparent initial stress at the point 
considered. Models were used in which this initial stress was as 
Non-uniformity of this initial stress 
condition would be indicated by a difference in the position of 
maximum stress in the two tests. If this difference is small the 
error introduced by the presence of initial stress is negligible. It 
is believed that the method of reversing the sign of external 
forces will increase the accuracy of results even in cases where 
apparently perfect annealing has been obtained, for the reason 
that an initial stress equivalent to about 0.1 fringe cannot be 
detected easily by examination of the unloaded model. 

For the tension tests it was not practicable to run a correspond- 
ing set of compression tests because of the buckling-strength 
limitations of the models. The values of initial stress deter- 
mined from the bending tests were used as a small correction 
however, and added algebraically to the fringe values obtained 
from the tension-test photographs. A single compression test 
was run in which the model was supported laterally by clamping 
metal rods on the two sides along its center line. The average 
of fringe orders observed in this test and the corresponding ten- 
sion test checked ¢losely with that obtained by making the cor- 
rection mentioned. 

The point of maximum stress was found to be about ten degrees 
from the point of tangency of the curve of the fillet and the 
straight side of the narrow portion of the model. As an adapta- 
tion of Wahl and Beeuwkes’ method of extrapolation (14) three 
lines having an inclination of ten degrees with the center line 
of the model were scratched on one face near each fillet contour. 
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The distance between any two of these lines and the distance from 
one of them to the boundary were used in determining the true 
position of boundary on the fringe photograph. 

To determine the fringe order in the straight part of the model 
in the pure-bending test a series of scratches was made across the 
width of the specimen. Any two of these could be used to 
measure the number of fringes in a known proportion of the total 
depth, from which the true fringe order at the straight boundary 
could be calculated. The fringe order in the straight portion in 
the tension tests was calculated from the known stress and the 
stress value per fringe obtained in the bending tests on the same 
model. 

For each set of proportions four bending tests and two tension 
tests were made. In the first two bending tests, moments were 
used which gave maximum stresses of about 3200 and 3500 lb 
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per sq in., respectively. Photographs were taken for these two 
loadings. The model was then reversed in the loading device 
so that the fillet originally in tension was put into compression 
and these same moments were again applied, a photograph being 
taken for each loading. The two tension tests were then made 
at maximum stresses of about 3200 and 3500 lb per sq in., a photo- 
graph being taken for each loading. From the six photographs 
obtained in this manner, extrapolation curves of the type shown 
in Fig. 17 were drawn; four for each value of bending moment and 
two for each value of tension load. 

The stress-concentration factor in pure bending is defined as the 
ratio of maximum stress in the fillet to maximum stress in the 
straight part of the member where conditions are uniform. The 
same definition would apply to the case of tension, the stress in 
this case being uniform across a section of the straight portion. 
Values of the factors shown in Figs. 12 and 13 were calculated 
using the ratio of maximum fringe order in fillet to maximum 
fringe order in straight portion, allowance being made for initial 
stress as outlined above. 

Fringe photographs for different ratios of fillet radius to width 
of narrow section are shown in Figs. 18 to 26. 


CurRVES AND DISCUSSION 
In the curves of Figs. 12 and 13 stress-concentration factors are 


plotted against values of the ratio R/d, 


Radius of Fillet 
Width of Narrow Portion 


The large circles are for the case D/d = 3 and the large squares for 
D/d = 1.5. In Fig. 12 the triangles are the results obtained by 
Timoshenko and Dietz for the tension factor for D/d = 3 and the 
round dots their results for D/d = 1.5. The three crosses are 
Coker’s results for the tension factor for D/d = 2.03. 

The present results indicate that there is a negligible difference 
in either the tension or bending factor for values of D/d between 
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1.5 and 3.0. This is in contrast with the values shown by Timo- 
shenko and Dietz. Perhaps since the point of maximum stress 
is very near to the point of tangency of the fillet and the narrow 
portion of the member, and relatively distant from the wide 


Fic. 18 Fringe PootoGrarH oF PHENOLITE Mopret Unprer TEN- 
SION LOADING 
(D/d = 2.5, R/d = 0.34.) 


Fig. 21 Pure Benpine APPLIED TO A BAKELITE MopEL 
(D/d = 3, R/d = 0.125. Fillet A in tension.) 


7 


Fic. 22 Mopru SHown In Fic. 21 Wira Equat Moment oF Op- 
POSITH SIGN 
(Fillet B in Tension.) 


portion, variations in shape of the wide portion will have little 
effect upon stream lines of stress at this point. 
The factors for pure bending shown in Fig. 13 are also indepen- 


Fie. 20 CANTILEVER BENDING APPLIED TO MoprEL SHOWN IN Fics. : Ke : 
“* 18 ann 19 * dent of the ratio D/d within the range studied. They are roughly 


(Lever arm is four times narrow width.) 20 per cent lower than the tension factors for corresponding values 
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of R/d. This disagrees with the conclusion set forth in the paper 
by Timoshenko and Dietz, that tension factors might be used for 
the case of bending. 

The factors for pure bending would be expected to apply almost 
exactly for cases of cantilever bending in which the ratio of lever 
arm to depth d is greater than 4, as the chief difference in such 
cases is the presence of a shear stress in the cantilever beam whose 
average value is not over 4!/, per cent of the value of maximum 
stress in the straight narrow portion of the member. 


III—USE OF A SOAP FILM IN THE PLANE-STRESS PROB- 
LEM 


The fringes in a fringe photograph obtained by the photoelas- 
tic method are lines of constant maximum shear stress, or since 


Fig. 23 Tension Loapine AppLizp TO Moprt SHown In Fias. 21 
AND 22 


Fig. 24 Pure BenpINnG In BAKELITE MopEL 
(D/d = 1.5, R/d = 0.062.) 


in the case of two dimensional stress the maximum shear stress is 
half the difference of the principal stresses, usually denoted by 
P and Q, respectively, the fringes may be considered as lines of 
constant (P — Q). 
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The directions of principal stresses are also obtained photo- 
elastically by observing the loaded model in plane polarized 
light instead of in circularly polarized light as used for the fringe 
photograph. Lines of constant stress direction are known as 
isoclinics. 


Since for a complete stress solution the value of each principal 
stress must be known at all points it is evident that the above in- 


Fig. 25 Trnston Appiiep TO Mopen SHowN IN Fic. 24 


Fig. 26 CANTILEVER BENDING IN PHENOLITE MopeL WITH VERY 
SMALL FILLET Rapius 


(Material was overstressed accidentally providing a striking example of a 
photograph in which fringes could not be counted at point of maximum 
stress.) 


formation obtained photoelastically is not sufficient. Several 
methods for completing the solution are in use, all of which re- 
quire tedious measurements or calculations. 

A purely mechanical method is the lateral extensometer method 
which was suggested by Mesnager and which was developed and 
used extensively by Coker.!° In this method very precise mea- 
surements of the change in thickness of the photoelastic model are 
made at different points. From these the value of the sum of the 
principal stresses, (P + Q), is found. Combining these results 
with the known values of (P — Q), the values of the individual 
principal stresses P and Q are obtained. 

The graphical integration method of Filon (15, 16) is described 
as a purely optical method as it uses only data obtained photo- 
elastically. Integration is carried out in steps along a stress 


10 “‘Photo-Elasticity,”” by Coker and Filon, Cambridge University 
Press, 1931, p. 171. 
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trajectory, starting from a boundary free from external forces 
where one of the principal stresses is known. Each integration 
of this type provides values of one of the principal stresses at 
points along the line of integration. Considerable time is re- 
quired and very often accuracy is far from satisfactory. 

A wholly different method, that of Favre (17), which does not 
make use of the fringe photograph but obtains P and Q directly 
at any point by means of a delicate interferometer, is being de- 
veloped abroad. A solution by this method would appear to 
involve a large amount of painstaking observation. 

It was pointed out by Den Hartog (18) that the membrane 
analogy could be used in two dimensional stress problems for the 
determination of the sum of principal stresses (P + Q).1!| The 


Fie. 27 


Soap-Finm EQUIPMENT 


(A portion of the model is visible inside box. Pivoted sketch board can be 
brought into contact with pointer.) 
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Fig. 28 Lines or Constant (P — Q) From FrRinGE PHoToGRAPH 


following paragraphs describe an application of the membrane 
analogy in conjunction with the photoelastic results to the deter- 
mination of stresses in one of the bending specimens of Section II 
of this paper; the case in which D/d = 3 and R/d = 0.5. 

The analogy is a purely mathematical one and is based upon 
the fact that the equation, satisfied by the sum of principal 
stresses (P + Q), 


& Vee = 0 
i ak 


is satisfied also by the ordinates z of a membrane which is subject 


41 Independently notice@ and worked on by M. Biot at California 
Institute of Technology. 
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to forces distributed uniformly around the boundary and whose 
slope with the xy plane is not too large, 


oO? 2 
unis ss = 0 
Ox? 7 oy? é 


In order to solve a particular problem by means of the mem- 
brane analogy the boundary conditions for the membrane must 
be the same as those for the stresses. The shape of the opening 
over which the membrane is stretched must be the same as the 
shape of the member being studied, and boundary ordinates 
measured perpendicular to the plane of the opening must be pro- 
portional to corresponding boundary values of (P + Q). If these 
as well as the previously mentioned conditions are fulfilled the 
ordinates of the membrane at interior points will be propor- 
tional to the values of (P + Q) at corresponding points on the 
stressed member. 


A soap film was used for the membrane. It automatically 


provides a uniformly distributed boundary force, as its surface 


» 


Fic. 29 Purr BEnDING 


(Presence of initial stress indicated by lack of symmetry in fringes and sudden 
change of direction at boundary. D/d = 3.0, R/d = 0.5.) 


aed Q 


Fie. 30 Isociinics AND STrEssS TRAJECTORIES 


tension is the same in all directions and at all points. The 
use of a soap film in the St. Venant torsion problem has been de- 
scribed by Griffith and Taylor (19) and later by P. A. Cushman 
(20) who applied it as well to the problem of lateral shearing 
stresses in beams. The equipment shown in Fig. 27 is that which 
was used in the experiments of P. A. Cushman, and follows closely 


| 
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the original equipment of Griffith and Taylor. The soap-film 
model is clamped between the two halves of a square cast iron 
box with open top. An ordinary micrometer of the depth gage 
type is clamped to a glass plate which rests on the flat open top 
of the box, so that the elevation of any part of the film may be 
measured. In the present experiments holes through the base 
of the model permit equalization of pressure on two sides of the 
film. The positions of points on the film are transferred to a 
hinged sketch board above the box by bringing it into contact 
with the upper point of micrometer. 

The lines of constant (P — Q), Fig. 28, were obtained as the 
average of a number of fringe photographs such as that shown 
in Fig. 29. Isoclinics and stress trajectories are sketched in 
Fig. 30. These two sets of lines are symmetrical about the 
center line but the notations of stress trajectories and of isoclinics 
are not symmetrical. 

At a boundary which is free from external forces the principal 
stresses are parallel to and perpendicular to the boundary, the 
latter stress being zero. For this reason it is evident that at such 
a boundary (P —Q) = = (P + Q), and the boundary values of 


Fic. 31 Bounpary STRESSES 
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ALONG ABC FOR LARGE-SCALE 
SOAP-FILM MODELABCDEF 


Fig. 32 Smaxtu Scaue Soap-Fium MoprEn 


(P — Q) in the fringe photograph may be used as boundary 
values of (P + Q) for the soap-film model. : 

These boundary stresses are shown in Fig. 31. Stresses in 
this as in all figures in this section are based upon a stress value 
of 1.00 at the boundary of the straight narrow portion of the 
member. Stresses are positive on those parts of the boundary 
which are above the center line and negative on those below the 
center line. A soap-film model was made with boundary ordi- 
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nates proportional to these stress values, the ordinate correspond- 
ing to a stress value of 1.00 being 0.133 in., other dimensions as 
shown in Fig. 32. It was found that although the slope around 
the boundary nowhere exceeded 18 deg, the film surface when 
formed had a slope of about twice this angle in a small region 
around the point of maximum stress. A large slope introduces 


error in the use of the analogy as the assumption is made that the 
tangent of the angle of slope may be substituted for the sine, and 
that the cosine is approximately equal to unity. 


CENTRE LINE 


BOUNDARY ORDINATES 
IN INCHES 


Ql a hey ; 
5 


Fic. 34. (P + Q) Contour Lines anp LarGe SCALE Soap-FIuM 
Mop5.L 


It was assumed that at points removed from this localized re- 
gion of steep slope the error would be negligible and a large scale 
model, ABCDEF in Fig. 32, was made using as ordinates along 
ABC the values found from the first model. A photograph of 
the two models is shown in Fig. 33. Dimensions of the large 
model and (P + Q) contour lines obtained from both models are 
shown in Fig. 34. The maximum slope around the boundary of 
the large scale model was 8.5 deg and that of the soap-film surface 
about 17.5 degrees. The difference between sine and tangent 
of this angle is about 5 per cent and the cosine is about 41/, per 
cent less than unity. The error introduced will be discussed 
later. 

The normal and shearing stresses across two sections of the 
member are determined as shown in Figs. 35 and 36. Section 
I is taken’through the point of maximum stress, about 11.2 deg 
from the beginning of the fillet. Section II is taken at 30 deg 
from the beginning of fillet. Values of (P — Q) are taken from 
Fig. 28. It will be seen that (P — Q) must be taken positive both 
above and below the center line in order to agree with the direc- 
tion of couples and the notation in Fig. 30. Values of (P + Q) 
are taken from Fig. 34. The P and Q curves are obtained by 
successive addition and subtraction of ordinates of the (P — Q) 
and (P + Q) curves. The principal stresses are not in general 
perpendicular to the sections I and II. Their directions are 
found from the isoclinic curves of Fig. 30 and are shown above 
the caption “Angle ¢.” Some of the values of ¢ shown are nega- 
tive, others are greater than 90 deg. With the values of ¢ shown 
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Fic. 36 Srress VALuEs at SecTIoON II 


the normal stress is P cos? ¢ + Q sin? and ¢ tangential stress is 
— (P — Q) sin 2¢/2. 

The maximum value of stress along the boundary occurs at 
section I and is 1.26. Normal stresses on this section follow a 
linear law, as in bending of a straight beam, over the middle two- 
thirds of the depth of section and rise to a peak value of 1.21 at 
the boundary. At section II the effect of the greater width of 
section is already noticeable as here the stress falls away from a 
straight line as the boundary is approached and the maximum 
normal stress actually occurs inside the boundary. 

Tangential components of stress are positive near the bounda- 
ries and negative in the middle portion. As the net shear is zero 
in pure bending these components must balance. The values 
of the tangential components along the center line can be taken di- 
rectly from the fringe photograph as has been indicated in Fig. 28. 

Errors introduced by the use of the membrane analogy as de- 
scribed above will not affect the values of normal or tangential 
components of stress at the center line and at the boundaries. 
Any errors must therefore affect only intermediate values and 
would cause a slight distortion of the curves. As a check upon 
the accuracy the total moment of normal forces across sections I 
and II was found from the curves, and in both cases was 1.9 
per cent greater than it should have been. Assuming the small 
distortion of the normal stress curve to be parabolic and sym- 
metrical about a point halfway between the centerline and the 
boundary, a rough calculation shows that the maximum error 
in normal stress is 1.9 per cent. If as is more probable, the maxi- 
mum distortion occurs near the boundary, the maximum error 
would be nearer to 1 per cent. 

A check of the tangential stresses for equilibrium showed an 


unbalance of about 10 per cent of the total upward or total down- 
ward forces. These stresses are small however and the chief 
effect of the error is a shift of the point of zero stress. 

Errors due to the effect of gravity on the soap film were cor- 
rected for in the following manner. On the small scale antisym- 
metrical model, the ordinates of the film along the center line 
were not zero as they should have been theoretically. In the 
one-inch wide portion the sag was negligible, but in the three- 
inch wide part a maximum sag of 0.006 in. was measured. Sag 
at other points was assumed to be parabolic, and corrected for 
accordingly. This was checked also by the fact that (P + Q) 
contour lines on opposite sides of the center line must of neces- 
sity be symmetrical. 

In the case of the large scale model it was found that, due to 
sag in the straight portion representing the narrow part of mem- 
ber where stress conditions are uniform, the contour lines were 
shifted slightly away from the edge representing the center line 
and toward that representing the outer boundary which was the 
higher edge. This shift at most was equivalent to 1.5 per cent 
of the boundary stress and contour lines in other parts of the film 
were corrected accordingly. 

It is believed that the membrane analogy will find increasing 
use in conjunction with photoelastic studies. The errors intro- 
duced by its use can be reduced to a negligible amount by suitable 
proportioning of the boundaries and by making necessary correc- 
tions for the effect of sag. The errors in the results obtained from 
the present experiments which were done under the pressure of 
time are probably smaller than would be present in results ob- 
tained by means of the delicate lateral extensometer method or by 
the graphical integration method. The amount of time required 
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is surprisingly small when the soap-film equipment is already 
available. In the present instance the large scale model was 
completed, with about fifty points around the boundary set to 
within 0.001 in. of the desired value, in a day and a half. Trac- 
ing contour lines required only a few hours and working out of 
the curves in Figs. 35 and 36, another day and a half. 

A limitation of the soap-film method is the size of opening 
which can be spanned without fear of the film breaking due to 
jarring or contact of the micrometer point. About 3 in. is a 
satisfactory maximum. By experimenting with the proportions 
of the ingredients of the soap solution, films composed of sodium 
oleate, glycerine, and water, can be made which will last twenty- 
four hours. 
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Discussion 


R. V. Baup.!2 In the fall of 1932 the writer made compres- 
sion and bending tests on glass models with fillets of circular 
shape, using true monochromatic light and a crossed Nicols and 
Babinet compensator. Some interesting results were obtained 


12 Westinghouse Research Laboratories, East Pittsburgh, Pa. 


APM-56-13 649 
from these tests which will soon be available in printed form. 
The conclusions drawn on the basis of these results with regard to 
stress concentration factors for bending appear to be confirmed 
by the results as related by the author. In this connection it 
may also be mentioned that the profile of constant edge stress 
for pure bending more recently investigated by the writer differs 
from that for compression in such a manner that the above 
statement regarding bending-stress-concentration factors is 
again confirmed. 

As far as the method of investigation is concerned the writer 
is pleased to note that the fringe method suggested by him in 
a paper read before the Optical Society of America in February, 
1929,13 is now in general use by several investigators in this coun- 
try. The chief advantage of this method is the simplicity 
with which the complete shear stress distribution may be ob- 
tained but unfortunately this makes it possible for inexperienced 
investigators who do not know the physics nor the literature 
sufficiently well to work in this field as many recent photoelestic 
papers and discussions reveal. For instance, the directional 
effect when “white” light is used is discussed at length and in a 
manner as though the question were new. Yet the answer has 
been given in a paper read by the writer before the Optical So- 
ciety of America in October, 1930.14 From this paper it can be 


Stress Readings 


$$ $$ 


Load 
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seen that monochromatic light has no advantages unless the 
wave-length is such as to agree with the retardation produced in 
the mica plates. The two papers referred to really represent 
the scientific basis for the fringe method. The fact, that other 
investigators have shown some prettier pictures than the ones 
published by the writer does not detract from the above state- 
ment. 

The statement, “A method of canceling the effect of small 
residual stresses is described which improves the accuracy of the 
results,” is presumably the method devised by the writer in 1925 
and used extensively ever since. It consists of taking various 
stress readings at various loads for every individual point and of 
plotting the values so obtained as indicated in Fig. 37. In this 
manner, by considering the slope of the straight line rather than 
taking one reading at a certain load or two readings at a certain 
load and zero load, we improve the accuracy by averaging as 
well as by excluding the initial edge stress. It should be observed 
that stress readings at comparatively large loads can be made 
more accurately and that in consequence the loads should be 
chosen accordingly, but always so that the stresses are below 
the yield point. 


13 ‘Further Development in Photoelasticity,’’ Journal, Optical 
Society of America, vol. 18, no. 5, May, 1929, p. 422. 

14 “Contribution to Study of Effect of Elliptical Polarization Upon 
Energy Transmission,” J ournal, Optical Society of America, vol. 21, 
no. 2, Feb., 1931, p. 119. 
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When a curve rapidly changes its curvature as is the case near 
the point of stress concentration, an extrapolation of the curve 
is unreliable to say the least and from a scientific view-point will 
be rejected. For my part therefor I cannot accept the ‘“ex- 
trapolation method” as a satisfactory scheme to evaluate maxi- 
mum edge stresses which exist in an infinitely small area only. 
The originators themselves admit that they devised it solely be- 
cause they were unable to secure a sharp picture of the edge. 
Furthermore, the fact that consistent results were obtained is 
no proof of the value of a scheme. We can very well conceive 
of a set of results with consistent errors. 

To solve the stress field problem by means of the membrane 
analogy the edge stresses from photoelastic tests are required as 
a basis. For known reasons these stresses are most likely the 
least accurate and consequently all results for points inside be- 
come inaccurate to the same extent. Furthermore, the problem 
must be such that for the complete contour both principal stresses 
are determinable, either photoelastically or on the basis of theo- 
retical considerations. This restricts the field of application of 
the membrane-analogy method to a limited number of special 
cases. 


J. P. Den Harroa.'® The author’s investigation of the creep 
effect in phenolite is a valuable contribution to the technique 
of photoelastic research. This material is so decidedly superior 
for this purpose that it is gratifying to know that Hooke’s law 
is completely satisfied for stresses up to 4000 Ib per sq in., which 
means a sensitivity of 15 significant lines for a test specimen 
1/,in. thickness. 

The author is to be complimented on the care exercised in the 
execution of the tests, which is especially apparent by the com- 
plete absence of “‘edge” effects. Any one who has worked with 
photoelastic apparatus knows how extremely difficult it is to 
avoid the internal stresses that cause this trouble. 

With respect to the membrane method employed for the deter- 
mination of the sum of the principal stresses, the question of soap 
film versus stretched rubber sheet is of some interest. Whereas 
a soap-film surface can be made in a few minutes, it takes at 
least one or two hours to prepare a good rubber membrane. 
After this has been done, however, the rubber sheet presents 
several advantages. 

In the first place, it can be easily made in a size ten times 
larger than that of a soap film. This means that the care with 
which the boundary space curve has to be made is very much 
less and it is by no means illogical to expect that the time saved 
in the preparation of the film is compensated for by the greater 
time it takes to make the boundaries with sufficient accuracy. 

Secondly, on account of the greater size no correction for 
gravity deflection is necessary with a rubber membrane. In 
the third place, no drainage trouble occurs. However, either 
method seems to give more accurate results with comparatively 
little labor than any previous method known. 

The writer has read with great interest a paper by Dr. M. M. 
Frocht in the Journal of the Franklin Institute, July, 1933, in 
which the lateral contraction of the test piece is not measured 
by mechanical means as suggested by Coker, but rather photo- 
graphed directly on account of the properties of Newton’s inter- 
ference fringes. This method is of great interest since it fur- 
nishes a complete photograph of the (P + Q) field. On the other 
hand, it requires grinding the test piece to an optically flat sur- 
face. If mercury green light is used, a deviation from flatness 
of one-hundredth of one mil in the specimen will produce a shift 
of one line in the (P + Q) pattern. It seems, therefore, that the 
direct photography of such a field still requires instrument 
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makers’ accuracy both in the preparation of the specimen as well 
as in the execution of the test. 


R. H. G. Epmonps!* anp B. T. McMinn.’ The author of 
this paper deserves commendation for the correlation and ad- 
vancement of the technique of photoelasticity. The experimen- 
tal work is valuable especially that dealing with strain creep in 
bakelite and phenolite. It represents real progress toward 
making the photoelastic method a practical tool for engineering 
use. 

It appears to the writers, however, that at least one of the con- 
clusions, apparently lightly considered in the paper, should be 
given a critical review. This is the statement: “Strain creep 
for phenolite is considerably greater than that for C-25 bakelite, 
but this has no effect on stress distribution which approximates 
closely the theoretical for both materials at all times after load- 
ing.” 

The practical value of the photoelastic method lies in the 
parallelism of the stress distribution in the model with that of 
engineering materials, and the aptness of the comparison is of 
critical importance. Conceding that the fringe or color evi- 
dence in the photoelastic method is satisfactorily proportional 
to stress, the writers agree that where stress is normally uniform 
as in a simple tension member, the constancy of the stress-strain 
relation is unimportant. But where the stress is non-uniform, 
the strain non-uniform, and the stress-strain relation, therefore, 
non-uniform on a cross-section, it seems obvious to the writers 
that the load distribution in the model will not parallel the allied 
one in an engineering material. This proposition seems to be of 
an extremely fundamental nature and one to be thoroughly 
canvassed before attributing disagreeing results wholly to ex- 
perimental error. This might easily account for some of the 
20 per cent disagreement between tension and bending factors 
of concentration, referred to by the author. 

The writers’ experience with photoelastic materials leads them 
to question the advisability of using a gage length as short as 
1/, in. and a compression specimen of the proportions of Fig. 1. 
The possibility of experimental error is further increased through 
the use of attached gage points. The data presented seem to 
be quite consistent. However, greater confidence could be placed 
in the results had they been obtained from more specimens and 
more tests. 

The legitimacy of the scheme of correction for initial strains 
would be more thoroughly established if more data were pre- 
sented. The method would seem to hold only for loadings with 
symmetrical isoclinic patterns, which narrows its usefulness. 

The application of the membrane analogy and the use of the 
soap film in the determination of the sum of the principal stresses 
is unique and holds interesting possibilities in this rather difficult 
and unsatisfactory phase of the photoelastic method. 


M. M. Frocut.!8 Of the three parts composing Dr. Weibel’s 
paper, the writer is most interested in the part dealing with the 
soap-film method of determining the sum of the principal stresses, 
(P+ Q). 

Dr. Weibel has used the soap film successfully for the problem 
of stresses at a fillet in a region of pure bending. He points out 
the simplicity of this method and predicts its wider acceptance 
in research. 

The mathematical basis of the analogy, as the author points 
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out, holds as long as the slopes at the boundary are small. When 
these become large, the analogy breaks down. It is here where 
the weakness of the method is found. It is clear that the suc- 


, cess of its application depends on the nature of the boundary 


stresses. If these are small, as is the case in the author’s prob- 
lem, the soap film will yield good results. But, if the boundary 
be subjected to concentrated loads causing extremely large 
stresses, the method would in such a case break down. 

The soap-film method, though not sufficient by itself, can 


Fig. 38 SHowine Isopacnic Lines BY MraAns or INTERFERENCE 
FRINGES 


Fic. 39 Smauipr Loaps Fie. 40 Larcer Loaps 
however, be effectively combined with another method to work 
satisfactorily, even in cases where concentrated loads act on the 
boundary. The principal stresses can be found, in such cases, 
by graphical integration, or lateral extensometer across a section 
or stress trajectory at a considerable distance from the region of 
the concentrated load, and the soap film can then be constructed 
for the new boundary. Such a combination of methods might 
prove useful. 

In this connection the writer calls attention to two new methods 
in two-dimensional stress analysis; one by H. Neuber, published 
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in the August issue of the Royal Society Proceedings and dealing 
with what seems to be a simpler graphical procedure for the 
determination of principal stresses than the present graphical 
integration, and the other by the writer, published in the July 
issue of the Journal of the Franklin Institute and dealing with an 
application of interference fringes to stress analysis. We are 
not yet ready to appraise Mr. Neuber’s method, but indications 
are that it is an improvement over present procedure. With 


regard to the interference fringes, it is not difficult to show that 


Fic. 41 Porrion or BEAM IN PURE BENDING 


Mopev Wirx SHarp Corners AT Upper END AND FILLETS 
AT LOWER 


Fic. 42 


these fringes correspond to the contour lines in the soap film, 
and that they represent what Coker and Filon define as “iso- 
pachic lines.” Interference fringes were successfully produced 
and photographed for the case of a pair of concentrated loads 
on a rectangular block and were found to agree with the theo- 
retical predictions of this case, Figs. 38, 39, and 40. This method 
is of interest. because it completes the optical method of two- 
dimensional stress analysis by providing the stress patterns of 
(P + Q) exactly analogous to the ones furnished now by the 
polariscope for (P—@).!° However, much work is still to be done 
in the development of its technique. 


19 “On the Application of Interference Fringes to Stress Analysis,”’ 
by Max Mark Frocht, Jour. Franklin Institute, July, 1933. 
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Fig. 26, in which the fringes could not be counted because the 
material was overstressed, is of interest. This phenomenon can 
perhaps be seen more strikingly in a white-light celluloid color- 
photograph. Fig. 42 shows a black and white photograph of a 
celluloid tension model with fillets at one end and sharp corners 
at the other. When this model broke, the fracture ran from 
sharp corner to sharp corner. The appearance of the black zones 
shown in the sharp corners of the sketch, is due, in our opinion, 
not to any change in the optical properties of the material, but 
to a distortion in the surface of the model which prevents the 
light from reaching the lens. Thus at the sharp corner of the 
model there is a visible contraction of the material, the corner 
portions no longer being in the plane of the model. The same 
model also exhibits the paths of permanent sets. They are seen 
to follow the isochromatics, a phenomenon noted also by other 
observers. It is the formation of these black spots where the 
stresses are high that will explain the seeming paradox of the 
model shown in Fig. 41, which is supposed to show the effect of 
the fillet upon the factor of stress concentrations. For a time 
the writer was puzzled by the fact that there were no more fringes 
at the sharp corner than there were on the opposite side where 
the fillet was fairly large. This, however, is due to the existence 
of plastic formations causing the dark spots mentioned above. 

As far as Dr. Weibel’s work on stress concentrations is con- 
cerned the results seem quite reliable for fairly large values of 
r/d. For small values of r/d the writer’s results do not agree with 
those obtained by Dr. Weibel. For r/d equal to 0.043 the 
writer finds that k equals 3.52 and for r/d equal to 0.0217 that 
k = 4.49. Both of these values are considerably greater than 
those found by Dr. Weibel. 

Moreover, Dr. Weibel seems to have accepted the conventional 
assumption that the factors of stress concentration are deter- 
mined by the ratio r/d alone. Our recent and as yet unpublished 
work definitely shows that this is not the case. It has been found 
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that the shape and the dimensions of the head as well as the man- 
ner of supporting the model contribute materially toward the 
determination of stress concentrations. Thus, for a compres- 
sion model with an r/d equal to 0.281 and kept constant through- 
out the experiment, the factor k was varied from 1.9 to 6.77 by 
varying the dimensions of the head. 

The whole subject is vastly more complicated than has been 
assumed and cannot be adequately covered in the space allotted 
for a discussion. However, the writer hopes to make available 
a more comprehensive study of this subject in a paper within 
the near future. The differences in the end conditions, shape, 
dimensions, and manner of loading—explain the rather wide dis- 
crepancies between results for pure tension and those for pure 
bending as obtained by Dr. Weibel. 


R. E. Pererson.22 The paper by Dr. Weibel, as well as the 
paper by Dr. Wahl and Mr. Beeuwkes, serves to illustrate the 
progress made in the technique of photoelasticity in the past few 
years. Dr. Weibel’s stress-concentration factors for fillets are 
shown in Fig. 43 in comparison with corresponding factors ob- 
tained eight years previously by Timoshenko and Dietz. Fa- 
tigue data are shown also in Fig. 48 and it will be noticed that the 
recent photoelastic results are considerably closer to the fatigue 
results. As a matter of fact larger specimens show higher fa- 
tigue stress-concentration factors and in the few cases tested the 
results are practically in agreement with the photoelastic values. 
This is important since not infrequently shafts fail, often with 
disastrous consequences, due to alternating stresses which are 
intensified at fillets. If by further research work a relation be- 
tween photoelastic and fatigue results can be more firmly estab- 
lished, designers and engineers would have opened to them a 
vast amount of data which is not directly applicable in its 
present form. 


Arsuag G. Souakian.2!_ The three different problems investi- 
gated by Dr. Weibel are of equal interest and well presented by 
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the author. The writer will discuss each of them in the order as 
given. 


(a) Creep in Bakelite. Creep action in bakelite under mod- 
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erately high stresses is only one of the 
important phases in the study of phy- 
\ sical properties of this material. A 
thorough study of the various charac- 
| teristics of bakelite is being carried 
| on at the Testing Laboratories of Co- 
\ lumbia University and has been in 
\ progress for some time. Some work 
along this line has already been pub- 
lished by Arakawa,?? Carlton”? and 
the writer.?4 

The behavior of C-25 bakelite (No. 
BT 46-992) under tensile stresses is 
shown in Fig. 44. The specimen had 
a cross-section of 0.293 in. X 0.309 in. 
and a gage length of 2 in. It was 
tested in an Amsler pendulum-type 
testing machine, using an Anderson 
extensometer reading to 1/10,000 in. 
The specimen was stressed to about 
1/19, 1/5, 1/3, 1/2, and 3/5 of its ultimate 
tensile strength (15,000 lb per sq in. 
Prana RaealoviGN approximately) with a rest of a half 
Potariscopn (TARDY) hour at each maximum limit before 

} releasing the load gradually. 
As is noticed in Fig. 44, creep action started at a stress of about 
3000 lb per sq in. At a stress of 5000 lb per sq in. this effect is 
fairly appreciable. For engineering purposes, a stress of about 
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Fig. 456 Reriecrion Potariscopn (MINDLIN) 


[O—light source; C—lens; G—zglass plate; N—polarizer-analyzer; R—re- 
tardation plate (\/4 for fringes and \/2 for isoclinics); L—lens; S—specimen; 
—nmirror; P—screen.] 


4000 lb per sq in. can be regarded quite safe. This stress ina 
specimen of 1/, in. in thickness corresponds to a fringe of about 
\ the eleventh order and can be used safely. As it is the custom of 
most investigators to produce a fringe pattern sometimes con- 
taining as high as twice this number of fringes, it is evident that 
the material under this maximum stress, and even for lower 
values develops considerable creep, as is evident from the last 
cycle of the stress-strain curve in Fig. 44. 

An efficient way of eliminating the effect of creep and still 
producing an adequate number of fringes in a pattern is of that 
using a reflection type of polariscope instead of the ordinary 
transmission type. In the reflection type the polarized rays 
traverse through the specimen twice on their way back to the 
screen, thus doubling the relative phase difference of the re- 
 fracted rays which*in turn doubles the number of interference 


22 “On the Determination of Stress-Optical Coefficient of Bakelite 
With Initial Stress,” by I. Arakawa, Proc. Physico-Math. Society 
of Japan, October-December, 1923. 

23 “Suitability of Materials for Photoelastic Investigations,’ by 
R. B. Carleton, Review of Sci. Instruments, January, 1934. 

24 ““Photoelastic Study of Shearing Stresses in Keys and Keyways,”’ 
by A. G. Solakian and G. B. Karelitz, A.S.M.E. Trans., June, 1932. 
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fringes produced. Fig. 45a is an outline of Tardy’s reflection 
polariscope used in France. An improved type of such a polari- 
scope as shown in Fig. 45b has been developed in the photoelastic 
laboratory of Columbia University by R. D. Mindlin in con- 
nection with the measurement of stresses in the individual plates 
of lap-welded connections. Another type of reflection polari- 
scope which eliminates certain disadvantages of the two types 
mentioned is that developed by the writer and shown in Fig. 45c. 

The effect of creep is represented by Dr. Weibel as an increase 
in strain only. It will be noticed from the stress-strain curve of 
Fig. 44 that it has a further effect—and one of great importance— 
of reducing the stress in the specimen. This reduction in stress 
for the portion A-B of the curve amounts, for an elapsed period 
of half an hour, to about 2.4 per cent of the stress in the specimen 
for this stage of intensity of loading. This effect of creep upon 
the change in stress as a matter of fact could not be detected 
by Dr. Weibel on account of the constant loading method 
adopted. 


(b) Stress Concentration at Circular Fillets. To the designing 
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engineer, the nature of stress distributions along certain sections 
in a machine part or structural element is of great importance. 
The stress-concentration effects of circular fillets between two 
adjacent members of unequal cross-sections has been an at- 
tractive field for photoelastic investigation. The results obtained 
by Dr. Weibel accurately show the stress distribution at circular 
fillets due to the use of bakelite and the refined testing methods 
employed. On the other hand, it is of greater importance to the 
engineer to know how to reduce or eliminate unduly high stresses. 
In an investigation (1932) of the stress distribution at the root 
of a helical spring made for the Westinghouse Electric & Manu- 
facturing Co. (Philadelphia), the writer found that when the 
circular fillet is replaced by a suitable spiral or some form of 
multi-compound easement curve, as used in railroad practise, 
the stress concentrations at the fillets are materially reduced. 
The fringe patterns in Figs. 46 and 47 clearly show the com- 
parative effects of circular and spiral fillets upon the stress dis- 
tributions. The specimen tested has ratios of D/d = 3 and 
d/R = 1 (using the author’s notation) with circular fillets at one 
end and spiral fillets at the other. It was tested both in tension 
and in bending. In Figs. 46a and 47a the presence of an 
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additional fringe at the circular fillets indicates a higher stress 
concentration at this locality. In the spiral fillet, the stress 
concentration is entirely eliminated. 

The curves in Fig. 48 show the intensities of the boundary 
stresses for the two types of fillets investigated and bring out 
their relative merits. The fringe orders are marked on the or- 
dinates to the curves and the relative intensities of the stresses, 
in terms of the average stress at the reduced sections, are given. 

(c) Soap-Film Method. The adaptability of the soap-film 
method of measuring the sum of the principal stresses as advo- 
cated by Mr. Weibel and other investigators is of doubtful value 


(b) Spiral Fillets 


Fie. 46 FrinGE PatrerRN FOR SPECIMEN IN TENSION 
because of the many difficulties encountered in its use, namely, 
the limited span of the film, the sag formation and collection of 
water at the low regions, the errors in investigating large slope 
sections, etc. 

In addition to the membrane-analogy method, the principle 
of which is similar to that of the soap-film method, there are two 
optical-mechanical methods for measuring the sum (P + Q), 
of the principal stresses: (1) Newton’s fringe method and (2) 


Coker’s lateral extensometer method. Mesnager®> first sug- 
gested the possibility of application of both methods to the 
evaluation of the (P + Q) stresses. A thorough analysis of New- 
ton’s fringe method with specimens having practical plane-paral- 
lel surface finishes was given in 1932 by V. Tesar.?6 In this 
country applications of this method to engineering problems 


(a) Circular Fillets 


(b) Spiral Fillets 
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already have been made by Maris?’ in 1927 and Frocht”* in 1933. 
Coker’s lateral extensometer?’ has been widely used by the in- 
ventor in his numerous valuable researches. The writer®® has 
found it a very convenient tool for the investigation of problems 
of an engineering nature on account of its simplicity of principle 
and dependability of results. 
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Soc. Edin., vol. xxv, 1904-5. 
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Filon’s*! “graphical integration’? method based upon the 
equations of equilibrium has quite frequently been used for de- 
termining the values of principal stresses from their algebraic 
differences and orientations. A reyised ‘graphical’? method, 
recently developed by A. Neuber,*? and based upon the elastic 
equations, offers greater accuracy. When results of high pre- 
cision are required, undoubtedly Favre’s** interferometer-polari- 
scope method of optical measurement of the individual principal 
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stresses is unique. On account of the high cost of the apparatus 
and its delicacy, it has not as yet been widely introduced. 

A method avoiding the use of a costly interferometer and hence 
more simple in its operation is that proposed by Fabry.*4 As 
there is no account of this method in American literature, it will 
be described here briefly. 

31 “On the Graphical Determination of Stress From Photoelastic 
Observations,’ by L. N. G. Filon, Engineering, 1923, p. 116. 

32 ‘‘New Method of Deriving Stresses Graphically From Photo- 
elastic Observations,’”’ by A. Neuber, Proc. Royal Society, vol. 
141, 1933. 

33 ‘Sur Une Nouvelle Méthode Optique de Détermination des 
Tensions Intérieures,’’ by H. Favre, Revue d’Optique Théorique, 


' 1929, Tome 8. 
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Tensions Elastiques,’’ by C. Fabry, Comptes Rendus |’Académie 
des Sciences, 1930, p. 190. 
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In a transparent isotropic plate a point is said to have an op- 
tical thickness eo equal at any point to the product of the actual 
thickness of the plate and the refractive index of the unstressed 
material. On account of the double refracting property of the 
material under applied stress, any point possesses two optical 
thicknesses e’ and e” corresponding to the two principal vibra- 
tions. By measuring the values of e’ — é and e” — e, the 
stresses P and Q can be evaluated. 

The two surfaces of a plain-parallel plate of glass are silvered 
lightly. When monochromatic light is passed through the plate, 
very fine brilliant fringes will be observed in two different ways: 
(1) as lines of equal optical thickness with the parallel rays of 
the light normal to the plane of the plate and (2) as concentric 
circles situated at infinity, when a very small region of the model, 
less than a square millimeter, is observed. When the plate is 
stressed, the fringes are displaced and appear brighter. The 
two displacements relative to the initial fringes determine the two 
variations e’ — é and e” — é in the optical thicknesses. When 
these fringes are observed through an analyzing prism, it will 
be found that for each point, there will be found two rectangular 
orientations of the analyzer which will cause one or the other 
system of the fringes to disappear. These orientations corre- 
spond to the directions of the two principal stresses. The first 
method of “lines of equal optical thickness” is preferable, as 
photographic records of the fringe patterns can be obtained be- 
fore and after the application of the stress. 

With plates without silvered surfaces, the fringes can be ob- 
served with reflected light. However, the results will not be as 
accurate as those from a silvered plate. 

Still another simplified method is that now being developed 
by the writer. It consists of silvering only the surface of the 
specimen facing the polarizer and allowing a ray of plane-polar- 
ized monochromatic light from a reflecting polariscope to fall 
normally on a point in a stressed specimen, with the plane of 
polarization parallel to one of the principal stresses acting at 
that point. The principal stress at the point considered can 
be evaluated by measuring the absolute phase retardation 
between the original ray which is reflected from the silvered 
surface and the transmitted ray which in turn is reflected back 
from a mirror placed close to the nonsilvered surface of the 
specimen. 


A. M. Wauntu** anp R. Beruwkss.** The author is to be com- 
mended for having made a very extensive and thorough study 
of various questions which frequently arise in photoelastic work 
and which are of importance in evaluating the results of such 
studies. It is gratifying to the writers to learn that the extra- 
polation method previously used by them has been found of 
value to other investigators. 

The writers have recently had occasion to make a few photo- 
elastic tests on fillets in bending and tension similar to those 
carried out by the author. An arrangement using knife edges 
was used to obtain pure bending. One test with D/d = 3 and 
R/d = 0.125 gave a value of stress-concentration factor equal to 
1.75, while another test with D/d = 3, R/d = 0.187 gave a value 
equal to 1.61. Care was taken not to stress the bakelite higher 
than 3500 Ib per sq in. A similar test made under tension in- 
stead of under bending gave concentration factors equal to 2.20 
for D/d = 3.16, R/d = 0.132 and 2.02 for R/d = 0.198 with D/d 
remaining the same. These values are around 4 to 5 per cent 
above those obtained by the author and check his findings that 
the value of stress concentration is considerably higher for ten- 
sion than for bending. These small differences in the experi- 


35 Westinghouse Research Laboratories, East Pittsburgh, Pa., 
Mem. A.S.M.E. 
36 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
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mental values obtained by the author as compared with those 
obtained by the writers may probably be explained by slight 
differences in the experimental procedure. 

One reason why the stress concentration is higher for tension 
than for bending lies in the fact that in tension there is a net 
contraction of the narrow portion of the specimen which is re- 
strained by the wide portion. Tensile stresses in the fillets are 
thereby set up which are added to those due to the external load. 
In the case of bending, there is no net contraction of the narrow 
portion of the specimen (the compression side expanding as much 
as the tension side contracts) and consequently these stresses 
are not set up; hence the maximum stress is lower. 

In photoelastic tests such as those under consideration, where 
the maximum stress is at an unknown location along the fillet, 
it should be more convenient to use a circular scratch concentric 
with the fillet, instead of a straight line. In order to insure con- 
centricity with the edge, however, such a scratch would probably 
require the use of a special tool. 

Attention is called to the very considerable difference between 
the results obtained by Timoshenko and Dietz or by Coker us- 
ing the compensation method and those obtained by the more 
accurate fringe method used by the author (see Fig. 12). In 
most cases the values of stress concentration obtained by the 
latter method are higher than those obtained by the former. 
This was found true also by the writers in similar tests of tension 
bars with holes and notches.%?7 In contrast to this, as will be 
seen from Fig. 12, the values of stress concentration obtained 
by Timoshenko and Dietz for D/d = 3 lie well above the author’s 
curve. This seems rather unusual and the writers would be 
interested in an explanation of the difference. 

The result, obtained by the author, namely, that values of 
stress concentration are practically the same for D/d = 3 as 
for D/d = 1.5 seems reasonable, since the point of maximum 
stress occurs in a portion of the fillet so close to the narrow por- 
tion of the bar that an increase in the width D should not have 
a large effect. 

In connection with the study of photoelastic methods, the 
writers would like briefly to describe an interesting experiment 
made in connection with a study of thermal stresses. It was 
desired to determine the stress distribution resulting from the 
application of temperature to one edge of a thin square block 
in order to simulate certain conditions occurring in the cooling 
fins or brushes of electrical machines. The use of photoelas- 
ticity with a square specimen having one edge heated, immedi- 
ately suggested itself. Bakelite, however, becomes soft and ap- 
parently unreliable at temperatures but little above room tem- 
perature, so it was decided to cool instead of heat the edge. 
Dry ice separated from the specimen by a thin piece of metal 
foil was used for this purpose. Beautiful stress patterns showing 
rather high stress concentrations at the two corners of the cold 
side were obtained. The transient conditions too were easily 
followed. 


AuTHOoR’s CLOSURE 


The method of canceling residual stresses was not the same as 
that described by Dr. Baud. The extrapolation method is of 
value because of the extreme difficulty of adjusting parallelism 
of light beam and position of model so that, for example, a satis- 
factory image of both fillets is obtained at the same time. Extrapo- 
lation provides a correction for the small inaccuracies at the 
boundary which cannot be avoided. bs =| 

Dr. Den Hartog’s comments on the use of a rubber membrane 
are of considerable interest. A paper by two of his students, 


ig “Stress Concentratién Produced by Holes and Notches,” by 
Wahl and Beeuwkes, A.S.M.E. Trans., 1934, paper APM-56-11. 
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describing an application of the rubber membrane has been 
published recently.* 

Messrs. Edmonds and McMinn suggest a critical review of 
the conclusion that strain creep in phenolite has no effect on 
stress distribution. The meaning of this statement is that, in 
a model of complex shape under constant load, the directions and 
values of principal stresses at any point will not vary with time 
even though the strain is steadily increasing. It is based upon 
the results of the tension-creep tests at constant load in which 
strain creep, and therefore total strain, at any time after load- 
ing was found to be directly proportional to stress. This is a 
necessary but not a sufficient condition for stress distribution to 
be invariable. It is also necessary that Poisson’s ratio for the 
elastic strain be the same as that for the plastic strain. Kuno%® 


Fic. 49 PuHenoxiite Mope. in Positrion ror Stress REDISTRIBU- 
TION TrsT 


finds Poisson’s ratio for phenolite to be 0.356. If, according to 
our ordinary conception of plastic strain, we assume a value of 
0.5 for Poisson’s ratio for the plastic strain, the over-all value of 
Poisson’s ratio would increase with time of loading from 0.356 
to a limiting value 0.5. In the two-hour tests on phenolite, 
strain creep in two hours was 24 per cent of elastic strain. It 
can be shown readily on the basis of the above assumption that 
the overall value of Poisson’s ratio increased from 0.356 to 0.383 
or 7.6 per cent. This would have some effect on stress distri- 
bution and to this extent our conclusion would not be rigorous. 
One must discriminate between the law of strain creep in pheno- 


38 “A Membrane Analogy Supplementing Photoelasticity,” by 
J. G. McGivern and H. L. Supper, A.S.M.E. Trans., 1934, paper 
APM-56-9. Jl. Franklin Inst., April, 1934, vol. 217, no. 4, p. 491. 

39 “The Relation Between Strain and Photoelastic Effect in Pheno- 
lite,” by J. Kuno, London Phil. Mag., ser. 7, vol. 16, 1933, p. 353. 
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' some uncertainty into the extrapolation at these points. 
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lite and that found by Filon and Jessop for celluloid (6). Strain 
creep in celluloid is not proportional to the stress but to the 
square of the stress, and consequently neither of the fore- 
mentioned conditions necessary for unchanging stress distri- 
bution is fulfilled. It should be mentioned that in Kuno’s ex- 
periments Poisson’s ratio for phenolite was found to remain con- 
stant within about + 2 per cent during a fifteen-minute load 
period. This result, if true, would provide the desired rigor 
to the conclusion in question, but it is to be viewed with caution 
as it implies a value of Poisson’s ratio for plastic strain distinctly 
different from 0.5. 

As a practical test for redistribution of stress, a phenolite 
model, Fig. 49, was subjected to a tension load which remained 
constant for 36 hours. Strain was measured at portion G, 
Fig. 50, which was in a state of uniform stress, of known con- 
stant value. In the 36-hour period strain creep of about 50 
per cent of elastic strain was observed. Fringe order was ob- 
served at different points on the model during this period. The 
stress-concentration factor at points A and B had a value of 
about 2, and any redistribution of stress would be indicated by 
a reduction in peak value of stress at these points. During the 
period of the test, the fringe order increased an average of 12.9 
per cent at points C1, C2, C;, D, H, and F (optical creep), (see 
Figs. 51(a) and 51(b)), whereas the increase at points A and B 
was 9.7 per cent, a difference of only 3.2 per cent, which is be- 
lieved to be within the experimental error. After 5 or 10 hours 
the aging effect at the boundary points A and B introduced 
With 
the large value of strain creep observed, considerable reduction 
in fringe order at points A and B would be expected if redistri- 
bution of stress were taking place. The experiment, therefore, 
indicates that such redistribution does not occur. Objections 


to this conclusion may be found‘? as it assumes a simple stress- 


40 ‘““Photo-Elasticity,’”” by Coker and Filon, Cambridge University 
Press, 1931, Pars. 3-36, p. 272. 


optic relation, and it may be more satisfactory to reason that, 
since variations in Poisson’s ratio with time of loading will 
probably be not greater than 8 per cent, considerations of super- 
position of elastic and plastic states of strain indicate that the 
system of stresses introduced to maintain continuity of the mate- 
rial is one in which values of stress will be about 1/. X 0. 356) X 
(1 — 0.356) X 8 or about 1 per cent of original stress values, a 
negligible quantity. 

The question of parallelism of stress distributions in trans- 
parent material and engineering material may now be considered 
entirely independently of the problem of strain creep. Michell 
has shown theoretically*! that stress distribution is independent 
of the elastic constants, Young’s modulus, and Poisson’s ratio, 
except for those members whose boundary consists of more than 
one closed curve and for which the external forces on any one of 
these closed boundaries are not in equilibrium. In a particular 
example worked by Bickley,‘? stresses depended upon Poisson’s 
ratio, but for values of 0.40 and 0.25, respectively, as for celluloid 
and steel, the difference in maximum stresses was only 1.4 per 
cent. The same order of discrepancy may be expected generally 
in members with multiple boundaries, loaded as described. 

The applicability of the membrane method to the case of con- 
centrated loads, questioned by Dr. Frocht, will depend largely 
upon the particular problem. In cases where St. Venant’s 
principle may be applied the concentrated load may be replaced 
by an equal load distributed say parabolically over a small width, 
and the scale of ordinates for the membrane chosen so that slopes 
are not too great. 

Dr. Frocht’s photographs of interference fringes, Figs. 38, 39, 
and 40, are of interest. They illustrate some of the difficulties 
in this as well as in the lateral extensometer method in studying 
concentrated loads. It was pointed out at the December meet- 

41 Michell, Proc. Lond. Math. Soc., April, 1899, p. 100. 

42 ‘“Photo-Elasticity,’’ by Coker and Filon, Cambridge University 
Press, 1931, p. 501. 
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ing that these curves do not satisfy Laplace’s equation as re- 
quired by the theory of two-dimensional stress. A possible ex- 
planation is that true two-dimensional stress is not obtained in a 
region of stress concentration with the usual thickness of model, 
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characteristics and the needle-valve setting of the Amsler ma- 
chine. With a slightly different needle-valve setting an in- 
crease in load might be obtained. 

Mr. Solakian and his colleague Mr. Mindlin are to be com- 


(a) 23/4 minutes after application of load. 
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so that actual changes of thickness do not give true values of 
(Prt Q). 

The end-loading conditions in the model will not affect stress- 
concentration factors if sufficient length is provided for stress 
conditions to become uniform. Dr. Frocht’s results will be of 
interest in this connection. 

The curves presented by Mr. Peterson show how the photo- 
elastically determined stress-concentration factors may serve as 
a basis for comparison of fatigue-test results, and make it pos- 
sible to assign numerical values to qualities such as suscepti- 
bility of the material to stress concentration in fatigue. 

Mr. Solakian takes the view that creep in any photoelastic 
material is objectionable and finds a value of stress (3000 lb 
per sq in.) below which creep does not occur. The curves, Figs. 
6 and 7, show creep for stresses as low as 1255 and 1060 Ib per 
sq in., and the writer’s attitude is that creep will not be ob- 
jectionable if it is proportional to stress. Mr. Solakian refers 
to the portion A-B of the curve in Fig. 44 to show that stress in 
bakelite is reduced with time. From a consideration of the de- 
tails of operation of the Amsler machine it is the writer’s opinion 
that this reduction in load is not a characteristic of the material 
being tested, but is a function of the oil-pump and piston-leakage 


(b) 363/s hours after application of load. 
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mended for their efforts in the development of polariscopes. 
Doubling the number of fringes, apart from creep considerations 
will increase the adaptability of the equipment. The use of only 
one Nicol prism in the polariscope of Fig. 45(6) is an advantage 
where first cost is a factor. Considerable reduction in light 
intensity at the glass plates G, in Figs. 45(b) and 45(c) would be 
expected, and this might be a disadvantage when working with 
the usual types of mercury-vapor lamp. 

Messrs. Wahl’s and Beeuwkes’ factors for the case of D/d 
about 3 are from 4 to 9 per cent higher than those given in Figs. 
12 and 13. It is now the author’s belief that in the present 
tests a greater length of the wide portion of specimen would have 
been preferable to that used, and this might affect values of fac- 
tor for D/d = 3. From an analytical study by Bleich** the 
length necessary to obtain uniform distribution of load, for cer- 
tain types of end loading, can be calculated. There has been 
no opportunity to go into this further but it should have a bear- 
ing on the differences mentioned. Friction in the pins used 
by the author was virtually eliminated in the bending tests by 
an up-and-down manipulation of the loading beam to give the 
mean fringe configuration. 

43 F, Bleich, Bawingenieur, vol. 9 (1923), pp. 255, 304, and 327, 


